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Numerical simulation of bacterial flora in the
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jXRk S`2bbm`2 /Bbi`B#miBQM M/ p2HQ+Biv p2+iQ`b i 8 bX h?2 H`;2 r?Bi2 `@
`Qrb BM/B+i2 i?2 /B`2+iBQMb Q7 `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHb2bX
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
jXRj *?M;2b BM i?2 TQbBiBQMb Q7 jyy i`+2` T`iB+H2b- BMBiBHHv TH+2/ T2`@
T2M/B+mH` iQ i?2 x@tBb- /m2 iQ T2`BbiHbBb Qp2` Rky bX , AMBiBH TQbB@
iBQM Q7 T`iB+H2bX ", 6BMH TQbBiBQM Q7 T`iB+H2b 7i2` Rky bX X X X X X X 89
jXR9 ϕ0 rBi? M/ rBi?Qmi T2`BbiHiB+ KQiBQM mM/2` p`BQmb Qin M/ Db
+QM/BiBQMbX , 1z2+i Q7 Qin(Db = 1 × 10−11 K2fbVX ", 1z2+i Q7 Db
UQin = Q0VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88
jXR8 SQi2MiBH }2H/ M/ #+i2`BH /Bbi`B#miBQM Q#iBM2/ #v i?2 i`BM;m@
H` TQi2MiBH 7Q`K ;Bp2M #v 1[XUjXjXRV i t 4 Ry ?X , SQi2MiBH
}2H/ /2b+`B#2/ #v 1[XUjXjXRVX ", "+i2`BH /Bbi`B#miBQM rBi? ϕmax 4
RXy×10−11 K2fbX *, "+i2`BH /Bbi`B#miBQM rBi? ϕmax 4 8Xy×10−11
K2fbX ., "+i2`BH /Bbi`B#miBQM rBi? ϕmax 4 RXy×10−10 K2fbX X X X X X 8e
jXRe *?M;2 BM i?2 pHm2 Q7 nc/N Qp2` iBK2 Q#iBM2/ #v i?2 i`BM;mH`
TQi2MiBH 7Q`K ;Bp2M #v 1[XUjXjXRV X X X X X X X X X X X X X X X X X X X X 8d
jXRd _2@THQi Q7 i?2 `2bmHib b?QrM BM 6B;m`2 jXRR rBi? Uϕ- UQ- M/ UD
b t2bX h?2 irQ mTT2` +m`p2b rBi? H`;2 +B`+H2b `2 Uϕ- M/ i?2 irQ
KB//H2 HBM2b `2 T`QD2+iBQMb Q7 Uϕ QM i?2 v2HHQr M/ #Hm2 +m`p2/ 7+2b





h?2 x2#`}b?- .MBQ `2`BQ- ?b 2K2`;2/ b  KDQ` KQ/2H Q`;MBbK 7Q` #BQK2/B+H
`2b2`+? /m`BM; i?2 Hbi /2+/2- /m2 iQ Bib KMv /pMi;2Qmb 7+iQ`b(8- 3- R9- Rd-
ke- j9)X 6Q` 2tKTH2- i?2 x2#`}b? Bb bKHH M/ `Q#mbi- r?B+? Bb +?2T2` iQ KBM@
iBM i?M KB+2X w2#`}b? #BQHQ;v HHQrb `2/v ++2bb iQ HH /2p2HQTK2MiH bi;2bX
h?2 QTiB+H +H`Biv Q7 2K#`vQb M/ H`p2 HHQr `2b2`+?2`b iQ 2bBHv 2tKBM2 i?2
/2p2HQTK2Mi Q7 BMi2`MH bi`m+im`2b M/ `2H@iBK2 BK;BM; Q7 /2p2HQTBM; Ti?QHQ;B2bX
.m2 iQ i?2 M2`Hv i`MbT`2MiUb22M 6B;m`2RXRV- i?2 #HQQ/ p2bb2H BM  HBpBM; x2#`}b?
2K#`vQ +M #2 b22M mbBM; Dmbi  HQr@TQr2` KB+`Qb+QT2(8- j9- j3)X >mM/`2/b Q7 x2@
#`}b? QzbT`BM; i r22FHv BMi2`pHb +M T`QpB/2 b+B2MiBbib rBi? M KTH2 bmTTHv Q7
2K#`vQb iQ bim/v(dj)X M/ i?2v ;`Qr i M 2ti`2K2Hv 7bi `i2- /2p2HQTBM; b Km+?
BM  /v b  ?mKM 2K#`vQ /2p2HQTb BM QM2 KQMi?X w2#`}b? ?p2  bBKBH` ;2M2iB+
bi`m+im`2 iQ ?mKMbX JMv Q7 i?2 x2#`}b? KmiMi T?2MQivT2b B/2MiB}2/ BM;2M2iB+
b+`22Mb `2 `2KBMBb+2Mi Q7 ?mKM /Bb2b2 bii2b- T`QpB/BM;  TQr2`7mH TT`Q+? 7Q`
;BMBM; BMbB;?i iQ i?2 +Q``2bTQM/BM; Ti?QT?vbBQHQ;v(R9- Re)X h?2 x2#`}b? ;2MQK2
?b #22M 7mHHv b2[m2M+2/ iQ  p2`v ?B;? [mHBivX h?Bb ?b 2M#H2/ b+B2MiBbib iQ +`2i2
KmiiBQMb iQ bim/v i?2B` 7mM+iBQM(jy- 8j- ej)X b  p2`i2#`i2- x2#`}b? Q`;Mb `2
7mM+iBQMHHv M/ KQ`T?QHQ;B+HHv bBKBH` iQ i?2 ?mKM- i?2B` Kmb+H2- #HQQ/- FB/M2v
M/ 2v2b b?`2 KMv 72im`2b rBi? ?mKM bvbi2KbX aQ Bi rb ?QT2/ i?i i?2 b+`22Mb
//BiBQMHHv KB;?i mMp2BH K2+?MBbKb M/ Ti?rvb /B`2+iHv `2H2pMi iQ ?mKM /Bb@
2b2 M/ i?2`TvX
w2#`}b? ?b #22M mb2/ b  KQ/2H Q`;MBbK iQ bim/v i?2 ?mKM /Bb2b2 7Q`
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6B;m`2 RXRX AK;2 Q7  H`pH x2#`}b? i 8 /vb TQbi@72`iBHBxiBQMX a+H2 #`- k8y ƒK
U/Ti2/ 7`QK (kN)V
KMv bT2+ibX 1;M 2i HX(Rd) mb2/ x2#`}b? b KQ/2H Q`;MBbK 7Q` 2tT2`BK2MiH
bim/B2b Q7 bi`2bb M/ MtB2iv- M/ +QM}`K2/ x2#`}b? b  pHB/- `2HB#H2- M/ ?B;?@
i?`Qm;?Tmi KQ/2H Q7 bi`2bb M/ z2+iBp2 /BbQ`/2`bX w2#`}b? ?p2 i?2 mMB[m2 #BHBiv
iQ `2TB` ?2`i Kmb+H2(8- j8)X 6Q` 2tKTH2- B7 T`i Q7 i?2B` ?2`i Bb `2KQp2/ i?2v +M
;`Qr Bi #+F BM  Kii2` Q7 r22FbX a+B2MiBbib `2 rQ`FBM; iQ }M/ Qmi i?2 bT2+B}+
7+iQ`b BMpQHp2/ BM i?Bb T`Q+2bb iQ b22 B7 i?Bb rBHH ?2HT mb iQ /2p2HQT rvb Q7 `2TB`BM;
i?2 ?2`i BM ?mKMb rBi? ?2`i 7BHm`2 Q` r?Q ?p2 bmz2`2/ ?2`i ii+Fb(98- 8j-
eR)X wQM 2i HX(dj) `2TQ`i2/ i?i #v +QK#BMBM; i?2 b+H2 M/ i?`Qm;?Tmi Q7 BM pBi`Q
b+`22Mb rBi? i?2 T?vbBQHQ;B+H +QKTH2tBiv Q7 MBKH bim/B2b- i?2 x2#`}b? T`QKBb2b
iQ +QMi`B#mi2 iQ b2p2`H bT2+ib Q7 i?2 /`m; /2p2HQTK2Mi T`Q+2bb- BM+Hm/BM; i`;2i
B/2MiB}+iBQM- /Bb2b2 KQ/2HHBM;- H2/ /Bb+Qp2`v M/ iQtB+QHQ;vX CQ`/M 2i HX(eR)
`2pB2r2/ i?i i?2 KQ/mH` K2/B+H KQ/2Hb Q7 x2#`}b? 7Q` ?mKM 7`QK i?2 ?2`i-
pb+mH` /Bb2b2- FB/M2v- bF2H2iQM- #HQQ/- #`BM- #2?pBQ`- 2`- 2v2- iQ i?2 ;bi`QBM@
i2biBMH ;miX
h?2 x2#`}b? BMi2biBM2 KB+`QMiQKB+HHv `2b2K#H2b i?2 ?mKM BMi2biBM2 BM KMv
`2;`/bX h?2 `2/ T`i BM 6B;m`2 RXR Bb i?2 BMi2biBM2 Q7  x2#`}b? H`p2X M 2TBi?2HBH
Hv2` HBM2b i?2 HmK2M- rBi? +2HH /BpBbBQM BM i?2 BMi2`pBHHmb bT+2b T`QpB/BM;  `2M2rBM;
TQTmHiBQM 7Q` bHQm;?2/ 2TBi?2HBmKX h?2`2 Bb MQ biQK+? BM i?2 x2#`}b?- #mi i?2`2
`2 `2;BQMb i?i T`2/QKBMMiHv T`iB+BTi2 BM i?2 /B;2biBQM Q7 T`Qi2BMb- 7i- M/ BQMb-
KBKB+FBM; i?2 MiQKB+ /BpBbBQMb BM ?mKMbX AMi2biBMH KQiBHBiv BM i?2 x2#`}b?
`2bmHib 7`QK +QMi`+iBQMb Q7 M BMM2` +B`+mH` M/ Qmi2` HQM;Bim/BMH Hv2` Q7 bKQQi?
Kmb+H2X S2`BbiHbBb #2;BMb #v 9 /T7 M/ #2+QK2b +QQ`/BMi2/ QM2 /v Hi2`X aQ KMv




:mi KB+`Q#BQi Bb 7QmM/ BM pB`imHHv Mv K2ixQM- 7`QK BMp2`i2#`i2b iQ p2`i2#`i2bX
Ai ?b HQM; #22M #2HB2p2/ i?i ;mi KB+`Q#BQi- KQ`2 bT2+B}+HHv- i?2 +iBpBiv Q7 i?2
KB+`Q#BQK2 M/ Bib K2i#QHB+ T`Q/m+ib- /B`2+iHv BM~m2M+2  p`B2iv Q7 bT2+ib BM
K2ixQM T?vbBQHQ;v(jd- 8N)X h?2 +QKTQbBiBQM M/ +iBpBiv Q7 i?2 ;mi KB+`Q#BQi
+Q/2p2HQT rBi? i?2 ?Qbi 7`QK #B`i?X M BMi2`MH #Q/v +pBiv bm``QmM/BM; i?2 ;mi
M/ Qi?2` Q`;Mb M/ ?p2 +Q2pQHp2/ rBi?  /Bp2`b2 `M;2 Q7 bvK#BQiB+ ;mi #+i2`B
M/ Qi?2` KB+`QQ`;MBbKb +QHH2+iBp2Hv FMQrM b i?2 ;mi KB+`Q#BQiX 6Q` ?mKMb- 
+QKTH2t ;bi`Q@BMi2biBMH KB+`Q#BQi i?i BM+Hm/2b HH i?`22 /QKBMb Q7 HB72 U`+?2-
"+i2`B M/ 1mF`vV Bb ?`#Qm`2/- M/ i?Bb +?`+i2`BbiB+ M/ +QKTH2t KBtim`2b
Q7 KB+`QQ`;MBbKb i?i ?p2 +Q2pQHp2/ rBi? i?2B` ?mKM ?Qbib(Rk- Rj)X h?2 `QH2 Q7
i?2b2 ;mi KB+`Q#BH +QKKmMBiB2b BM Qm` 2pQHmiBQM Bb  Kii2` Q7 +QMbB/2`#H2 BMi2`2biX
h?2 ;mi KB+`Q#BQi Bb 2bb2MiBH 7Q` i?2 /2p2HQTK2Mi M/ 7mM+iBQM Q7 i?2 Km+QbH
BKKmM2 bvbi2K /m`BM; 2`Hv HB72-  T`Q+2bb i?i Bb MQr FMQrM iQ #2 BKTQ`iMi iQ
Qp2`HH BKKmMBiv BM /mHibX M #b2M+2 Q7 BMi2biBMH #+i2`B Bb bbQ+Bi2/ rBi? `2/m+@
iBQMb BM Km+QbH +2HH im`MQp2`- pb+mH`Biv- Kmb+H2 rHH i?B+FM2bb- KQiBHBiv- #b2HBM2
+viQFBM2 T`Q/m+iBQM- M/ /B;2biBp2 2MxvK2 +iBpBiv M/ rBi? /272+iBp2 +2HH@K2/Bi2/
BKKmMBivX 6m`i?2`KQ`2- i?2 BMi2biBMH KB+`Q~Q` KF2b BKTQ`iMi K2i#QHB+ +QM@
i`B#miBQMb iQ pBiKBM E- 7QHi2- M/ b?Q`i@+?BM 7iiv +B/b- bm+? b #miv`i2- 
KDQ` 2M2`;v bQm`+2 7Q` 2Mi2`Q+vi2b- M/ HbQ K2/Bi2b i?2 #`2F@/QrM Q7 /B2i`v
+`+BMQ;2Mb(e- d- 99)X
AM ?mKMb- i?2 b?TBM; Q7 i?2b2 ;mi KB+`Q#BQi Bb i?2M /`Bp2M #v  b2`B2b Q7
+QKTH2t M/ /vMKB+ BMi2`+iBQMb i?`Qm;?Qmi HB72- BM+Hm/BM; /B2i- HB72@bivH2- /Bb2b2-
M/ MiB#BQiB+ mb2(99)X AM i?2 ?2Hi?v bii2- i?2b2 ;mi KB+`Q#BQi +QMi`B#mi2 Mmi`B2Mib
M/ 2M2`;v iQ i?2 ?Qbi pB i?2 72`K2MiiBQM Q7 MQM/B;2biB#H2 /B2i`v +QKTQM2Mib BM
i?2 H`;2 BMi2biBM2- M/  #HM+2 Bb KBMiBM2/ rBi? i?2 ?Qbi’b K2i#QHBbK M/
BKKmM2 bvbi2KX L2;iBp2 +QMb2[m2M+2b- ?Qr2p2`- +M BM+Hm/2 +iBM; b bQm`+2b Q7
BM~KKiBQM M/ BM72+iBQM- BMpQHp2K2Mi BM ;bi`QBMi2biBMH /Bb2b2b- M/ TQbbB#H2
+QMi`B#miBQMb iQ /B#2i2b K2HHBimb M/ Q#2bBiv(d- kk- 9e- 8N)X h?2 #+i2`BH ~Q` Q7
i?2 ;bi`QBMi2biBMH i`+i p`B2b HQM;Bim/BMHHvc i?2 Q`H +pBiv +QMiBMb #Qmi kyy
/Bz2`2Mi bT2+B2b- i?2 biQK+? Bb HKQbi bi2`BH2- M/ i?2 #+i2`BH +QMi2Mi BM+`2b2b
/BbiHHv- rBi? TT`QtBKi2Hv 108 #+i2`B T2` ; U/`v r2B;?iV Q7 BH2H +QMi2Mib M/ mT
iQ 1012 #+i2`B T2` ; U/`v r2B;?iV Q7 +QHQMB+ +QMi2Mib(e- d)X
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h?2 mM/2`biM/BM; Q7 T`BM+BTH2b ;Qp2`MBM; i?2 HQ+HBxiBQM Q7 BMi2biBMH #+i2`B-
M/ bTiBH `2HiBQMb?BTb #2ir22M #+i2`B M/ i?2B` ?Qbib Bb p2`v BKTQ`iMi(e8- ee)X
o`BiBQM BM KB+`Q#BH HQ+HBxiBQM M/ /2MbBiv rBi?BM i?2 /B;2biBp2 i`+i ?b #22M
/2b+`B#2/ HQM; #Qi? i?2 H2M;i? Q7 i?2 ;mi U7`QK KQmi? iQ `2+imKV M/ i?2 +`Qbb@
b2+iBQM U7`QK Km+Qb@bbQ+Bi2/ BMiQ i?2 HmK2MVX h?2 pbi KDQ`Biv Q7 ;mi #+i2`B
`2 7QmM/ rBi?BM i?2 i`MbB2Mi /B;2bi TbbBM; i?`Qm;? i?2 HmK2M Q7 i?2 HQr2` ;b@
i`QBMi2biBMH i`+iX AM i?2 bKHH BMi2biBM2- r?2`2 i`MbBi Bb 7bi2`- M/ bBKTH2 bm;`
M/ KBMQ +B/ K2i#QHBbK Bb 7pQ`2/- i?2 +QKKmMBiv Bb /QKBMi2/ #v `TB/Hv /BpB/@
BM; 7+mHiiBp2 M2`Q#2b bm+? b Proteobacteria M/ LactobacillalesX "v +QMi`bi-
BM i?2 H`;2 BMi2biBM2 i?2 ~Qr Bb bHQr2`- M/ K2i#QHBbK 7pQ`b 72`K2MiiBQM Q7 +QK@
TH2t TQHvb++?`B/2b /2`Bp2/ 2Bi?2` 7`QK mM/B;2bi2/ THMi Ki2`BH Q` 7`QK i?2 ?Qbi
Km+mbX qBi?BM i?2 +QHQM- #+i2`B `2 HbQ Q`;MBx2/ HQM; i?2 i`Mbp2`b2 tBb- 7`QK
i?2 KB//H2 Q7 i?2 HmK2M iQ i?2 Km+QbX JQpBM; iQr`/ i?2 2TBi?2HBmK- Km+BM miBHBx@
2`b- bm+? b Akkermansia muciniphila `2 i?Qm;?i iQ #2 2M`B+?2/(RR)X >BbiQ`B+HHv-
`2b2`+? BMiQ i?2 BKT+i Q7 i?2 KB+`Q#BQi QM ?mKM ?2Hi? ?b 7Q+mb2/ QM 2Bi?2`
+QKTQbBiBQMH +?M;2b bbQ+Bi2/ rBi? /Bb2b2- Q` i?2 2K2`;2M+2 Q7 Ti?Q;2Mb i?i
+M +QHQMBx2 Q` #`2+? i?2 2TBi?2HBmKX LQr- Bi Bb #2+QKBM; +H2` i?i bTiBH `2@
T`Q;`KKBM; Q7 i?2 KB+`Q#BQi Kv #2  +QKKQM M/ 7mM+iBQMHHv `2H2pMi 72im`2
Q7 +?`QMB+ BM~KKiQ`v /Bb2b2b (e8)X
RXj 6Q`K2` bim/B2b
.m2 iQ i?2 /pMi;2 Q7 i?2 x2#`}b?- KMv `2b2`+? #Qmi BMi2biBM2 M/ ;mi ~Q`
BM i?2 BMi2biBM2 Q7 x2#`}b? r2`2 /2p2HQT2/X h?2 /2p2HQTK2Mi M/ MiQKv Q7 i?2
x2#`}b? /B;2biBp2 bvbi2K ?/ #22M BMp2biB;i2/ BM /2iBH(Ry- RN- ky- 9k- 9j- ed)X
"2ir22M ke M/ Rke ?Qm`b TQbi@72`iBHBxiBQM U?T7V Q7 i?2 x2#`}b?- i?2 HmK2M 7Q`K@
iBQM M/ /Bz2`2MiBiBQM Q7  +QMiBMmQmb Hv2` Q7 2M/Q/2`K BMiQ  7mM+iBQMH BMi2biB@
MH 2TBi?2HBmK rBi? i?`22 KQ`T?QHQ;B+HHv /BbiBM+i b2;K2Mib, i?2 BMi2biBMH #mH#-
KB/@BMi2biBM2 M/ TQbi2`BQ` BMi2biBM2X aTQMiM2Qmb `2;mH` ;mi KQiBHBiv BM x2#`}b?
#2;BMb `QmM/ 9 /vb TQbi 72`iBHBxiBQM U/T7V M/ +QKT`Bb2b Mi2`Q;`/2 M/ `2i@
`Q;`/2 T2`BbiHbBb(k9)Ub22M 6B;m`2RXkVX _Q+? 2i HX(89) BMp2biB;i2/ i?2 7`2[m2M+v-
i`p2H /BbiM+2 M/ i`p2H p2HQ+Biv Q7 T2`BbiHiB+ KQiBQM M/ 7QmM/ i?i i?2 7`2[m2M+v
Q7 Mi2`Q;`/2 T2`BbiHbBb rb ;`2i2` i?M i?i Q7 `2i`Q;`/2 T2`BbiHbBbX >QHK#2`;
2i HX(kj- k9) mb2/ i2i`Q/QiQtBM iQ 2Hm+B/i2 i?2 `QH2 Q7 M2`pQmb +QMi`QH BM Mi2`Q@
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6B;m`2 RXkX oBbmHBxiBQM Q7 i?2 BMi2biBM2 T2`BbiHbBb Q7 i?2 x2#`}b? H`p i d /T7 U/vb
TQbi 72`iBHBxiBQMV- e ?Qm`b TQbi@BMQ+mHiBQM rBi? i?2 `?Q/KBM2 " bQHmiBQM UkKJVX UV
P`;M bi`m+im`2 Q7 x2#`}b? H`p i d /T7X a" 4 brBK #H//2`- 1bQ 4 2bQT?;mb- A 4
Mi2`BQ` BMi2biBM2- JA 4 KB//H2 BMi2biBM2- SA 4 TQbi2`BQ` BMi2biBM2X U"V hBK2 ?BbiQ`v Q7
T`QT;iBM; T2`BbiHiB+ KQiBQM rBi? i?2 `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHb2bX _S 4




;`/2 M/ `2i`Q;`/2 T2`BbiHiB+ KQiBQM BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2X h?2B`
`2bmHib b?Qr2/ i?i Mi2`Q;`/2 M/ `2i`Q;`/2 T2`BbiHiB+ KQiBQMb Q`B;BMi2/ 7`QK
i?2 bK2 `2;BQM- M/ M2`p2b THv2/ M BKTQ`iMi `QH2 b KQ/mHiQ`b Q7 BMi2biBMH
+iBpBivX h`MbTQ`i T?2MQK2M BM i?2 x2#`}b? BMi2biBM2 r2`2 BMp2biB;i2/ #v 6B2H/
2i HX(R3)- r?Q MQM@BMpbBp2Hv KQMBiQ`2/ i?2 Tbb;2 Q7 HmKBMH +QMi2Mib i?`Qm;?
i?2 BMi2biBM2 7Q` k9 ? M/ bb2bb2/ i?2 T?vbBQHQ;B+H +QMb2[m2M+2b Q7 i?2 #b2M+2
Q` `2/m+2/ MmK#2`b Q7 2Mi2`B+ M2m`QMbX *Q++?B`Q M/ _rHb(3) HbQ MQM@BMpbBp2Hv
KQMBiQ`2/ i?2 Tbb;2 Q7 HmKBMH +QMi2Mib i?`Qm;? i?2 BMi2biBM2 7Q` k9 ? M/ /Bb@
+mbb2/ BMi2biBMH KQiBHBivX h?2 i`MbTQ`i T?2MQK2M BM i?2 x2#`}b? BMi2biBM2 Bb p2`v
BKTQ`iMi- #mi ?p2 MQi #22M 7mHHv +H`B}2/X AM T`iB+mH`- i?2 T2`BbiHiB+ 7mM+iBQMb
Q7 i?2 x2#`}b? BMi2biBM2 `2 mM+H2`X
6B;m`2 RXjX UVJtBKmK BMi2MbBiv T`QD2+iBQM i R8Xe ? TQbi@BMQ+mHiBQM rBi?
/hQKiQ@H#2H2/ X p2`QMBBX a+H2 #`- Ryy ƒKXU"V >2i KT b?QrBM; i?2 p2`;2/
Mi2`BQ`@TQbi2`BQ` HQ+iBQM BM i?2 x2#`}b? BMi2biBM2 Q7 +Hmbi2`b Q7 A.veronii rBi? x2`Q
#2BM; i?2 #2;BMMBM; Q7 i?2 BMi2biBM2 M/ R #2BM; i?2 2M/ Q7 ?Qbi miQ~mQ`2b+2Mi
BMi2biBMH +2HHb- 2t+Hm/BM; #+i2`B HQ+i2/ #v i?2 p2MiXU/Ti2/ 7`QK (kN)VX
@ e @
RX9X P"C1*hAo1
"+i2`B BM i?2 BMi2biBM2 THv BKTQ`iMi `QH2 BM i?2 ?QbibǶ MQ`KH /2p2HQTK2Mi
M/ ?2Hi?(j)X >2+M2- KMv `2b2`+?2`b mb2/ i?2 x2#`}b? b  KQ/2H iQ /Q i?2
bim/B2b QM i?2 #+i2`BH ~Q` BM i?2 BMi2biBM2 Q7 x2#`}b?(k- kN- 9N- 88- dR)X "i2b 2i
HX(j) 7QmM/ i?i BM i?2 #b2M+2 Q7 i?2 KB+`Q#BQi- i?2 ;mi 2TBi?2HBmK rb ``2bi2/
BM bT2+ib Q7 Bib /Bz2`2MiBiBQM- b `2p2H2/ #v i?2 H+F Q7 #`mb? #Q`/2` BMi2biB@
MH HFHBM2 T?QbT?ib2 +iBpBiv- i?2 KBMi2MM+2 Q7 BKKim`2 Tii2`Mb Q7 ;Hv+M
2tT`2bbBQM M/  Tm+Biv Q7 ;Q#H2i M/ 2Mi2`Q2M/Q+`BM2 +2HHbX _QHB; 2i HX(88) +QM@
+Hm/2/ i?i i?2 T`QTQ`iBQMH `2T`2b2MiiBQM Q7 #+i2`B BM  +QKKmMBiv /Q2b MQi
M2+2bb`BHv T`2/B+i Bib 7mM+iBQMH +T+BiB2bc ?Qr2p2`- +?`+i2`BxBM; bT2+B}+ T`QT@
2`iB2b Q7 BM/BpB/mH bT2+B2b Qz2`b T`2/B+iBp2 BMbB;?ib BMiQ KmHiBbT2+B2b +QKKmMBiv
7mM+iBQMX oM/2` a` 2i HX(83) mb2/ i?2 k3 ?@QH/ x2#`}b? 2K#`vQb iQ /2i2`KBM2
i?2 2t+i HQ+iBQM M/ 7i2 Q7 i?2b2 #+i2`BH Ti?Q;2Mb BM  HBpBM;p2`i2#`i2 ?QbiX
_2M/m2H2b 2i HX(8R) /2p2HQT2/  x2#`}b? KQ/2H Q7 +QMi`QHH2/ +Q@BM72+iBQM BM r?B+?
;2`K@7`22 x2#`}b? `Bb2/ QM t2MB+ HBpBM; T`QiQxQ 2M#H2/ i?2 bim/v Q7 BMi2`+@
iBQMb #2ir22M ?Qbi M/ +QKK2MbH M/ Ti?Q;2MB+ #+i2`BX h?2 #+i2`BH +QKTQ@
bBiBQM HQM; i?2 BMi2biBMH i`+i Q7 x2#`}b? rb BMp2biB;i2/ #v GM 2i HX(jj) rBi?
+mHiBpiBQM@BM/2T2M/2Mi MHvbBb Q7 i?2 Rea `_L ;2M2X C2KB2HBi 2i HX(kN) `2TQ`i2/
i?i Aeromonas #+i2`B BM i?2 H`pH x2#`}b? BMi2biBM2 2t?B#Bi  ?2i2`Q;2M2Qmb
/Bbi`B#miBQM M/ `2 ;;`2;i2/ BM i?2 KB//H2 Q7 i?2 BMi2biBMH i`+iUb22M 6B;m`2RXjVX
qBH2b 2i HX(dR) 7m`i?2` BMp2biB;i2/ i?2 /Bbi`B#miBQM Q7 Aeromonas #v BMi`Q/m+BM;
MQi?2` #+i2`BmK- V ibrio- BMiQ i?2 H`pH x2#`}b? BMi2biBM2X h?2v b?Qr2/ i?i i?2
?#Bii Q7 Aeromonas rb KQ/B}2/ #v +QKT2iBiBQM rBi? V ibrio- `2bmHiBM; BM Hi2`2/
/Bbi`B#miBQMX Hi?Qm;? i?2 /Bbi`B#miBQM Q7 #+i2`B BM i?2 BMi2biBM2 Bb p2`v BKTQ`iMi
#BQHQ;B+HHv M/ +HBMB+HHv- Bib K2+?MBbK Bb MQi 7mHHv +H`B}2/X
RX9 P#D2+iBp2
qBi? i?2 #+F;`QmM/ /2b+`B#2/ BM i?2 T`2pBQmb b2+iBQMb- i?2 K2+?MBbK Q7 i`MbTQ`i
M/ #+i2`BH ;;`2;iBQM T?2MQK2M BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2 `2 MQi
+H2`Hv +H`B}2/X >2M+2- i?2 Q#D2+iBp2b Q7 i?Bb i?2bBb `2 bmKK`Bx2/ b 7QHHQrb,
RX hQ T2`7Q`K  MmK2`B+H bBKmHiBQM Q7 i?2 i`MbTQ`i T?2MQK2M BM i?2 BMi2b@
iBM2 Q7  x2#`}b? H`p2 M/ i?2M iQ /2KQMbi`i2 i?Bb i`MbTQ`i T?2MQK2MX




kX hQ BMi`Q/m+2  +QKTmiiBQMH KQ/2H iQ /2b+`B#2 i?2 ?2i2`Q;2M2Qmb /Bbi`B#miBQM
Q7 #+i2`B BM i?2 BMi2biBM2b Q7 x2#`}b? H`p2 U*?Ti2` jVX
@ 3 @
*?Ti2` k
h`MbTQ`i +mb2/ #v T2`BbiHiB+ KQiBQM BM
i?2 x2#`}b? BMi2biBM2
kXR AMi`Q/m+iBQM
h?2 x2#`}b? ?b  ;2M2iB+ bi`m+im`2 M/ KDQ` Q`;Mb bBKBH` iQ i?Qb2 Q7 ?mKMbX
w2#`}b? H`p2 `2 HKQbi i`MbT`2Mi- r?B+? 7+BHBii2b KQMBiQ`BM; i?2 /2p2HQT@
K2Mi Q7 BMi2`MH bi`m+im`2bX h?2`27Q`2- x2#`}b? ?p2 #22M rB/2Hv mb2/ BM bim/B2b Q7
p2`i2#`i2 #BQHQ;v b  KQ/2H Q`;MBbK (9- j3Ĝ9R- dy)X h?2 /2p2HQTK2Mi M/ MiQKv
Q7 i?2 x2#`}b? /B;2biBp2 bvbi2K r2`2 BMp2biB;i2/ #v qHH+2 2i HX(ed- e3)X a?BM
M/ 6Bb?KM (eR) b?Qr2/ i?i ?mKM /Bb2b2b Q7 i?2 ;bi`QBMi2biBMH i`+i̶bm+?
b +QHQ`2+iH +M+2`- /vbKQiBHBiv M/ KH#bQ`TiBQM̶`2b2K#H2/ i?Qb2 BM x2#`}b?X
h?2 KB+`Q#BH ~Q` Q7 i?2 x2#`}b? BMi2biBM2 THvb F2v `QH2b BM i?2 /2p2HQTK2Mi M/
?2Hi? Q7 i?2 ?QbiX h?2 bTiBH M/ i2KTQ`H /vMKB+b Q7 i?2 KB+`Q#BH ~Q` Q7 i?2
x2#`}b? BMi2biBM2 r2`2 BMp2biB;i2/ #v "i2b 2i HX(j) M/ C2KB2HBi 2i HX(kN)X _rHb
2i HX(8y) MQM@BMpbBp2Hv Q#b2`p2/ #+i2`BH KQiBHBiv M/ bvK#BQbBb BM i?2 x2#`}b?
BMi2biBM2X "+i2`BH ;`Qri? Bb BM~m2M+2/ #v Kbb i`MbTQ`i BM i?2 BMi2biBM2- r?B+?
Bb /QKBMi2/ #v KQK2MimK i`MbTQ`i- i.e.- ~QrX h?2`27Q`2- 7Q` +QKT`2?2MbBp2 mM@
/2`biM/BM; Q7 i?2 KB+`Q#BH ~Q` Q7 i?2 BMi2biBM2- i?2 i`MbTQ`i T?2MQK2M i?2`2BM
Kmbi #2 BMp2biB;i2/X
h?2 MiQKv M/ ?BbiQHQ;v Q7 i?2 x2#`}b? BMi2biBM2 ?p2 #22M `2TQ`i2/ (9k-
ed)X h?2 T2`BbiHiB+ KQiBQM Q7 i?2 x2#`}b? BMi2biBM2- r?B+? +QKT`Bb2b Mi2`Q;`/2
M/ `2i`Q;`/2 T2`BbiHbBb- ?b HbQ #22M i?2 bm#D2+i Q7 `2b2`+?X _Q+? 2i H(89)X
BMp2biB;i2/ i?2 7`2[m2M+v- i`p2H /BbiM+2 M/ i`p2H p2HQ+Biv Q7 T2`BbiHiB+ KQiBQM
M/ 7QmM/ i?i i?2 7`2[m2M+v Q7 Mi2`Q;`/2 T2`BbiHbBb rb ;`2i2` i?M i?i Q7
@ N @
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w1"_6Aa> ALh1ahAL1
`2i`Q;`/2 T2`BbiHbBbX >QHK#2`;(kj- k9) mb2/ i2i`Q/QiQtBM iQ 2Hm+B/i2 i?2 `QH2 Q7
M2`pQmb +QMi`QH BM Mi2`Q;`/2 M/ `2i`Q;`/2 T2`BbiHiB+ KQiBQM BM i?2 BMi2biBM2 Q7
x2#`}b? H`p2X h?2B` `2bmHib b?Qr2/ i?i Mi2`Q;`/2 M/ `2i`Q;`/2 T2`BbiHiB+
KQiBQMb Q`B;BMi2/ 7`QK i?2 bK2 `2;BQM- M/ M2`p2b THv2/ M BKTQ`iMi `QH2 b
KQ/mHiQ`b Q7 BMi2biBMH +iBpBivX h`MbTQ`i T?2MQK2M BM i?2 x2#`}b? BMi2biBM2
r2`2 BMp2biB;i2/ #v 6B2H/ 2i HX(R3)- r?Q MQM@BMpbBp2Hv KQMBiQ`2/ i?2 Tbb;2 Q7
HmKBMH +QMi2Mib i?`Qm;? i?2 BMi2biBM2 7Q` k9 ? M/ bb2bb2/ i?2 T?vbBQHQ;B+H +QM@
b2[m2M+2b Q7 i?2 #b2M+2 Q` `2/m+2/ MmK#2`b Q7 2Mi2`B+ M2m`QMbX *Q++?B`Q M/
_rHb(3) HbQ MQM@BMpbBp2Hv KQMBiQ`2/ i?2 Tbb;2 Q7 HmKBMH +QMi2Mib i?`Qm;? i?2
BMi2biBM2 7Q` k9 ? M/ /Bb+mbb2/ BMi2biBMH KQiBHBivX >Qr2p2`- i?2 i`MbTQ`i T?2MQK@
2M BM i?2 x2#`}b? BMi2biBM2 ?p2 MQi #22M 7mHHv +H`B}2/X AM T`iB+mH`- i?2 KBtBM;
M/ TmKTBM; 7mM+iBQMb Q7 i?2 x2#`}b? BMi2biBM2 `2 mM+H2`X hQ //`2bb i?2b2 Bbbm2b-
 MmK2`B+H bBKmHiBQM Q7 i?2 i`MbTQ`i T?2MQK2M BM i?2 H`pH x2#`}b? BMi2biBM2
rb T2`7Q`K2/X M MiQKB+HHv `2HBbiB+ i?`22@/BK2MbBQMH ;2QK2i`B+ KQ/2H Q7 i?2
BMi2biBM2 i p`BQmb iBK2b 7i2` 722/BM; rb +QMbi`m+i2/ #b2/ QM i?2 2tT2`BK2MiH
/i Q7 6B2H/ 2i HX(R3)X h?2 ~Qr Q7 /B;2bi2/ +?vK2 rb MHvx2/ mbBM; i?2 ;Qp2`MBM;
2[miBQMb Q7 ~mB/ K2+?MB+b- iQ;2i?2` rBi? T2`BbiHiB+ KQiBQM M/ HQM;@i2`K +QM@
i`+iBQM Q7 i?2 BMi2biBMH rHHX h?2 `2bmHib b?Qr2/ i?i `2i`Q;`/2 T2`BbiHiB+ KQiBQM
+QMi`B#mi2/ KBMHv iQ i?2 KBtBM; 7mM+iBQM- r?2`2b Mi2`Q;`/2 T2`BbiHiB+ KQiBQM
+QMi`B#mi2/ iQ i?2 TmKTBM; 7mM+iBQMX
kXk JQ/2HBM; M/ J2i?Q/b
kXkXR :2QK2i`v Q7 i?2 BMi2biBM2
h?2 ;2QK2i`v Q7 i?2 BMi2biBM2 Q7  x2#`}b? H`p i d /vb rb Q#iBM2/ 7`QK BK;2b
BM 6B2H/ 2i HX(R3)X mbBM; i?2 BK;2 MHvbBb bQ7ir`2 AK;2CULA>- laVX h?2 Q`B;BM
Q7 +QQ`/BMi2b rb b2i i i?2 BMH2i Q7 i?2 BMi2biBM2- i.e.- Dmbi Tbi i?2 2bQT?;2H
bT?BM+i2`- M/ i?2 x@tBb rb /2}M2/ bQ b iQ 2M+QKTbb i?2 +`Qbb@b2+iBQMH +2Mi2`
Q7 i?2 QmiH2iX h?2 rB/i? Q7 i?2 BMi2biBM2 b  7mM+iBQM Q7 x rb +H+mHi2/ mbBM;
AK;2C- M/ i?2 +2Mi2`HBM2 Q7 i?2 BMi2biBM2 rb 2ti`+i2/X h?2 +`Qbb b2+iBQM Q7 i?2
BMi2biBM2 rb bbmK2/ iQ #2 +B`+mH` #b2/ QM  T`2pBQmb `2TQ`i i?i i?2 BMi2biBM2
Q7 x2#`}b? H`p2 i d /vb ?b M TT`QtBKi2Hv +B`+mH` +`Qbb b2+iBQM (R- j- 89)X
h?2 i?`22@/BK2MbBQMH ;2QK2i`v Q7 i?2 BMi2biBM2 rb i?2M +QMbi`m+i2/ #b2/ QM i?2
@ Ry @
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+2Mi2`HBM2 M/ /BK2i2`X 6B2H/ 2i HX(R3) `2TQ`i2/ i?2 ;2QK2i`v Q7 i?2 BMi2biBM2 Q7
x2#`}b? H`p2 7Q` k9 ? 7i2` 722/BM;X AMBiBHHv- i?2 Mi2`BQ` T`i Q7 i?2 BMi2biBM2
2tTM/b /m2 iQ 722/BM; M/ i?2M +QMi`+ib ;`/mHHvX hQ 2tT`2bb i?Bb +QMi`+iBQM Q7
i?2 BMi2biBM2- i?2 7QHHQrBM; 2[miBQMb r2`2 mb2/,
Wl(z, t) = W24(z) + g(z, t), UkXkXRV












r?2`2 Wl(z, t) Bb i?2 /BK2i2` Q7 i?2 BMi2biBM2 rBi?Qmi b?Q`i@i2`K T2`BbiHiB+ KQ@
iBQM #mi rBi? HQM;@i2`K +QMi`+iBQM g(z, t)X AM 1[XUkXkXkV- δg BM/B+i2b i?2 KTHBim/2
Q7 i?2 2tTMbBQM- τg Bb i?2 `2HtiBQM iBK2 Q7 i?2 +QMi`+iBQM- λg Bb i?2 ?H7@rB/i? Q7
i?2 2tTMbBQM- M/ zg0 Bb i?2 TQbBiBQM Q7 i?2 2tTMbBQMX AM 1[XUkXkXRV- W24(z) Bb i?2
/BK2i2` Q7 i?2 BMi2biBM2 k9 ? 7i2` 722/BM;- i.e.- i?2 }MH b?T2X h?2 ;2QK2i`v Q7
i?2 BMi2biBM2 i t 4 k9 ? Bb b?QrM BM 6B;m`2kXRX h?2 }iiBM; T`K2i2`b BM 1[XUkXkXkV
`2 T`QpB/2/ BM h#H2 kXRX *QKT`BbQMb #2ir22M 1[XUkXkXkV M/ i?2 }M/BM;b Q7 6B2H/
2i HX(R3) `2 b?QrM BM 6B;m`2kXkX
6B;m`2 kXRX  i?`22@/BK2MbBQMH KQ/2H Q7 i?2 BMi2biBM2 Q7  x2#`}b? H`p i d /vb Ut
4 k9 ?VX
AM //BiBQM iQ HQM;@i2`K +QMi`+iBQM- irQ KDQ` ivT2b Q7 b?Q`i@i2`K T2`BbiHiB+
KQiBQM `2 ;2M2`i2/ BM i?2 x2#`}b? BMi2biBM2X _2i`Q;`/2 T2`BbiHbBb T`QT;i2b
iQr`/b i?2 BMH2i- r?2`2b Mi2`Q;`/2 T2`BbiHbBb T`QT;i2b iQr`/b i?2 QmiH2iX
"Qi? T2`BbiHiB+ rp2b Q`B;BMi2 BKK2/Bi2Hv /BbiH iQ i?2 2M/ Q7 i?2 brBK #H//2`
zf0 (k9- 89)X "v bmT2`BKTQbBM; i?2 irQ ivT2b Q7 b?Q`i@i2`K T2`BbiHiB+ KQiBQM- ;Bp2M
#v f(z, t)BM  KMM2` bBKBH` iQ i?i Q7 Ab?BFr 2i HX(k3)- i?2 /BK2i2` Q7 i?2
BMi2biBM2 rBi? b?Q`i@i2`K T2`BbiHbBb M/ HQM;@i2`K +QMi`+iBQM- W (z, h+ t)- Bb ;Bp2M
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6B;m`2 kXkX *QKT`BbQM Q7 i?2 BMi2biBMH ;2QK2i`B2b Q7 i?2 KQ/2H ;Bp2M #v 1[XkXkXR M/
i?Qb2 `2TQ`i2/ #v 6B2H/ 2i HX(R3), UV h 4 y ?- U#V h 4 j ?- U+V h 4 e ?- U/V h 4 N ?- U2V
h 4 Rk ?- M/ U7V h 4 k9 ?
@ Rk @
kXkX JP.1GAL: L. J1h>P.a
b,








{z −H(t,∆tan)Uc − zf0}2
]
, UkXkX9V




{z −H(t,∆tre)Uc − zf0}2
]
, UkXkX8V
r?2`2 h rb b2i b y- j- e- Rk Q` k9 ? BM i?Bb bim/v- M/ i?2 iBK2 +Qm`b2 7i2` ? rb
BMp2biB;i2/X h?2 7mM+iBQMb fan(z, t) M/ fre(z, t) `2 Mi2`Q;`/2 M/ `2i`Q;`/2
T2`BbiHiB+ KQiBQM- `2bT2+iBp2HvX AM 2+? 7mM+iBQM- δf Bb i?2 /2Ti? Q7 i?2 T2`BbiHiB+
rp27Q`K- λf Bb i?2 ?H7@rB/i?- M/ Uc Bb i?2 rp2 T`QT;iBQM p2HQ+BivX h?2 7mM+iBQM
J(z, d) rb mb2/ iQ 2tT`2bb i?2 ;`/mH /BbTT2`M+2 Q7 b?Q`i@iBK2 T2`BbiHbBb- M/






1, wheng|z − zf0| ≤ d
exp[−(|z − zf0|− d)
l
], wheng|z − zf0| > d
. UkXkXeV
r?2`2 d Bb i?2 i`p2H /BbiM+2 Q7 T2`BbiHbBb- M/ l Bb b2i b yXRdX h?2 7mM+iBQM H(t,∆t)
T`QpB/2b i?2 `2KBM/2` BM i?2 /BpBbBQM Q7 i #v ∆t- r?B+? BM/B+i2b i?i T2`BbiHbBb
Bb  T2`BQ/B+ KQiBQMX h?2 +Q2{+B2Mi c BM i?2 Hbi i2`K BM 1[XUkXkXjV BM/B+i2b i?2
bT22/ Q7 HQM;@i2`K +QMi`+iBQMX aBM+2 i?2 KTHBim/2 Q7 HQM;@i2`K +QMi`+iBQM p`B2b
bB;MB}+MiHv- Bib 2z2+i Bb 2tT`2bb2/ #v +?M;BM; cX h?2 pHm2b Q7 i?2b2 T`K2i2`b
`2 /Bb+mbb2/ BM b2+iBQM “S`K2i2`b”M/ T`QpB/2/ BM h#H2 kXRX
kXkXk LmK2`B+H K2i?Q/b
.B;2bi2/ +?vK2 rb bbmK2/ iQ #2 M BM+QKT`2bbB#H2 M/ L2riQMBM ~mB/X h?2
+QMiBMmBiv 2[miBQM- i.e.- +QMb2`piBQM Q7 Kbb- M/ i?2 LpB2`@aiQF2b 2[miBQM- i.e.-
+QMb2`piBQM Q7 KQK2MimK- r2`2 bQHp2/ MmK2`B+HHv mM/2` i?2 ;Bp2M #QmM/`v +QM@
/BiBQMbX "v bbmKBM; i?2 /2MbBiv Q7 ~mB/ iQ #2 ρ 4 Ryyy F;fKj M/ i?2 pBb+QbBiv
iQ #2 µ = 10−3 S·b- bBKBH` iQ i?2 pHm2b Q7 ri2`- i?2 _2vMQH/b MmK#2` /2}M2/
#v _2= ρWUc/µ Bb bKHH2` i?M yXyRX h?mb- i?2 ~Qr +M #2 `2;`/2/ b BM2`iB@
7`22X 1p2M B7  ?B;?2` pBb+QbBiv Q7 i?2 /B;2bi2/ +?vK2 Bb bbmK2/- i?2 bi`2KHBM2b
@ Rj @
*>Sh1_ kX h_LaSP_h *la1. "u S1_AahGhA* JPhAPL AL h>1
w1"_6Aa> ALh1ahAL1
M/ /BzmbBpBiB2b `2 mM+?M;2/- Hi?Qm;? i?2 T`2bbm`2 M/ b?2` bi`2bb BM i?2 BM@
i2biBM2 BM+`2b2 T`QTQ`iBQMHHv rBi? i?2 pBb+QbBiv- T`QpB/2/ i?i i?2 rHH #QmM/`v
+QM/BiBQMb Bb T`2b+`B#2/ #v i?2 p2HQ+Biv b BM i?Bb bim/vX
6B;m`2 kXjX  bi`m+im`2 K2b? KQ/2H Q7 i?2 BMi2biBM2 Q7  x2#`}b? H`p i d /vb Ut 4 y
?VX
AM i?2 bim/v #v 6B2H/ 2i HX(R3)- BMD2+i2/ ~mQ`2b+2Mi ~mB/ rb ;`/mHHv Tmb?2/
/QrMbi`2K- #2+mb2  +2`iBM pQHmK2 Q7 7`2b? ri2` ~Qr2/ BMiQ i?2 BMi2biBM2
i?`Qm;? i?2 2bQT?;mb 2p2M BM i?2 #b2M+2 Q7 722/BM;X h?2 BM~Qr `i2 rb +H+mHi2/
b 7QHHQrbX AM 6B2H/ 2i HX(R3)- i?2 BMD2+i2/ ~mB/ BMBiBHHv Q++mTB2/ pQHmK2V 01 rBi? i?2
~mQ`2b+2Mi BMi2MbBiv Q7 I01 X 7i2` k9 ? Q7 Q#b2`piBQM- bQK2 Q7 i?2 ~mQ`2b+2Mi ~mB/ rb
2t?mbi2/`QK i?2 MH- M/ i?2 iQiH ~mQ`2b+2Mi BMi2MbBiv Q7 i?2 BMi2biBM2 /2+`2b2/
iQ I24sum X "v bbmKBM;  HBM2` +Q``2HiBQM #2ir22M i?2 ~mQ`2b+2Mi BMi2MbBiv M/ i?2
pQHmK2 Q7 i?2 ~mQ`2b+2Mi ~mB/- QM2 +M 2biBKi2 i?i i?2 pQHmK2 Q7 ~mQ`2b+2Mi ~mB/
`2KBM2/ BM i?2 BMi2biBM2 7Q` k9 ? rb V 01 Ɠ
I24sum
I01
X h?mb- i?2 p2`;2 BM~Qr `i2 7Q`
k9 ? Kv #2 +H+mHi2/ b Q0 =
(




/ (24× 60× 60) = 8.3×10−17
K3/b- r?2`2 V 24sum Bb iQiH pQHmK2 Q7 BMi2biBM2 7i2` k9 ?X AM i?2 T`2b2Mi bim/v- i?2
~Qr `i2 i i?2 BMH2i Q7 i?2 BMi2biBM2 rb p`B2/ 7`QK y iQ 8 Q0- M/  T`#QHB+
p2HQ+Biv T`Q}H2 rb bbmK2/ i i?2 BMH2iX i i?2 QmiH2i- i?2 `2HiBp2 T`2bbm`2 rb
@ R9 @
















































































































































6B;m`2 kX9X  p2HQ+Biv /Bbi`B#miBQM Q7 7Qm` +b2bUkykd8k-9y9yNe-3yed39 M/ R8RR933
K2b? 2H2K2MiV i /Bz2`2Mi HQ+iBQM 7Q` +?2+FBM; K2b? KQ/2H Q7 i?2 BMi2biBM2 Q7 
x2#`}b? H`p i d /vb Ut 4 y ?VX , i?2 HQ+iBQM Q7 b2H2+i2/ HBM2b 7Q` i?2 K2b?
+?2+FBM;X h?2 HBM2b r2`2 QM i?2 Hi2`H +`Qbb@b2+iBQM #2ir22M i?2 M``QrbX 6`QMi K2M
i?2 M``Qr QM i?2 Mi2`BQ` BMi2biBM2- #+F K2M i?2 M``Qr QM i?2 TQbi2`BQ` BMi2biBM2X
@ Rd @
*>Sh1_ kX h_LaSP_h *la1. "u S1_AahGhA* JPhAPL AL h>1
w1"_6Aa> ALh1ahAL1
bbmK2/ iQ #2 x2`Q- #2+mb2 i?2 MH Q7 d /T7 H`p2 Bb QT2M iQ i?2 bm``QmM/BM;
~mB/X PM i?2 rHH- `/BH p2HQ+Biv rb T`2b+`B#2/ #v iFBM; i?2 iBK2 /2`BpiBp2 Q7
1[XUkXkXjV- M/ MQ tBH p2HQ+Biv rb bbmK2/X
h?2 ;Qp2`MBM; 2[miBQMb rBi? i?2 #QmM/`v +QM/BiBQMb r2`2 bQHp2/ mbBM; i?2
+QKK2`+BH bQ7ir`2 Laua@*6s ReXk ULaua- laV-r?B+? i?2 HB+2Mb2 rb #Qm;?i
#v Qm` H# X h?2 K2b? +QMp2`;2M+2 i2bib r2`2 T2`7Q`K2/  T`BQ`B- M/  bi`m+im`2/
K2b? rBi? 9y9-yNe ?2t?2/` 2H2K2Mib M/ 9kj-N3R MQ/2b rb mb2/ b 6B;m`2kXj
M/ 6B;m`2kX9X AM Q`/2` iQ /2+`2b2 i?2 iBK2 +Qbi- i?2 K2b? KQ/2H rBi? 9y9-yNe rb
b2H2+i2/ 7Q` `2H bBKmHiBQMXh?Bb i`2iK2Mi HHQrb mb iQ T2`7Q`K T`K2i`B+ bim/v
7Q`  rB/2 `M;2 Q7 T`K2i2`bX Ai rb +QM}`K2/ i?i i?2 K2b? /B/ MQi +QMbB/2`#Hv
BM~m2M+2 i?2 `2bmHibX M KQpBM; rHH-i`MbB2Mi MHvbBb ivT2-10−4 i`;2i H2p2Hb Q7
`QQi K2M b[m`2 `2bB/mH r2`2 b2i BM i?2 *6s bQ7ir`2 BM i?Bb +?Ti2`X M/ 10−5
i`;2i H2p2Hb Q7 `QQi K2M b[m`2 `2bB/mH rb b2i BM M2ti +?Ti2` 7Q` i?2 i`MbTQ`i
T?2MQK2MX
7i2` Q#iBMBM; i?2 ~Qr }2H/- i?2 i`D2+iQ`B2b Q7 ~mB/ T`iB+H2b r2`2 +H+mHi2/ #v
BMi2;`iBM; p2HQ+Biv rBi? iBK2X AM b2+iBQM “JBtBM; BM/m+2/ #v `2i`Q;`/2 T2`BbiHbBb”










r?2`2 ti Bb i?2 i?`22@/BK2MbBQMH TQbBiBQM Q7 i?2 ii? T`iB+H2X h?2 i`D2+iQ`v Q7
i?2 ii? T`iB+H2 rb +H+mHi2/ #v BMi2;`iBM; p2HQ+Biv m rBi? iBK2,




h?2 iQiH MmK#2` Q7 T`iB+H2b L rb b2i b Ryy BM i?Bb bim/v- M/ }p2 BM/2T2M/2Mi
+H+mHiBQMb rBi? /Bz2`2Mi BMBiBH TQbBiBQMb r2`2 T2`7Q`K2/X q?2M i?2 pHm2 Q7 D
+QMp2`;2b Qp2` iBK2- D Bb 2[mBpH2Mi iQ i?2 /BzmbBQM +Q2{+B2MiX
kXkXj S`K2i2`b
h?2 T`K2i2`b mb2/ BM i?Bb bim/v `2 HBbi2/ BM h#H2 kXRX "b2/ QM i?2 Q#b2`piBQMb
#v >QHK#2`; 2i HX(k9) M/ _Q+? 2i HX(89)- i?2 /2Ti? Q7 +QMi`+iBQM δf rb p`B2/
7`QK Ry iQ 8y Q7 i?2 `/Bmb Q7 i?2 BMi2biBM2X h?2 T`QT;iBQM p2HQ+Biv Q7 T2`BbiHbBb
@ R3 @
kXkX JP.1GAL: L. J1h>P.a
(Uc) rb bbmK2/ iQ #2 jy ƒKfbX h?2 BMi2`pH iBK2 (∆t) rb bbmK2/ iQ #2 kj
M/ 8d b 7Q` `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHiB+ KQiBQM- `2bT2+iBp2HvX h?2 i`p2H
/BbiM+2 Q7 T2`BbiHbBb rb bbmK2/ iQ #2 j8y ƒKfb 7Q` `2i`Q;`/2 T2`BbiHbBb (dre) M/
dyy ƒKfb 7Q` Mi2`Q;`/2 T2`BbiHbBb (dan)X hQ /Bb+mbb i?2 7mM+iBQM Q7 i?2 BMi2biBM2-
`2bmHib `2 b?QrM 7Q` δf4 yXR‒yX8 _- Qin4 y‒8 Q0- c 4 y‒9y- M/ h 4 y‒k9 ?X
h#H2 kXRX S`K2i2` mb2/ BM *?Ti2` k
S`K2i2`b 7Q` T2`BbiHiB+ KQiBQM M/ ;2QK2i`v
.2Ti? Q7 T2`BbiHiB+ +QMi`+iBQM δf yXR ‒yX8_ _ Bb i?2 `/Bmb U_4qfkV
hBK2 BMi2`pH Q7 T2`BbiHiB+ rp2b ∆T ∆Tre4kj b
∆Tan48d b
>QHK#2`; 2i HX(k9)- _Q+? 2i
HX(89)
h`p2H /BbiM+2 Q7 `2i`Q;`/2 T2`BbiHbBb dre j8y ƒK _Q+? 2i HX(89)- >QHK#2`; 2i
HX(k9)
h`p2H /BbiM+2 Q7 Mi2`Q;`/2 T2`BbiHbBb dan dyy ƒK _Q+? 2i HX(89)- >QHK#2`; 2i
HX(k9)
>H7 rB/i? Q7 i?2 T2`BbiHiB+ rp2 λf yX8δf "F2` 2i HX(R)
P`B;BM Q7 T2`BbiHiB+ rp2 ;2M2`iBQM zf0 e98 ƒK _Q+? 2i HX(89)- >QHK#2`; 2i
HX(k9)
KTHBim/2 Q7 i?2 BMBiBH 2tTMbBQM Q7 i?2 BMi2b@
iBM2 δg
Ny ƒK .2i2`KBM2/ #v +QKT`BM;
rBi? 6B2H/ 2i HX(R3)
_2HtiBQM iBK2 Q7 i?2 HQM;@i2`K +QMi`+iBQM τg 8Xe ? .2i2`KBM2/ #v +QKT`BM;
rBi? 6B2H/ 2i HX(R3)
>H7@rB/i? Q7 i?2 BMBiBH 2tTMbBQM λg e8y ƒK .2i2`KBM2/ #v +QKT`BM;
rBi? 6B2H/ 2i HX(R3)
SQbBiBQM Q7 i?2 BMBiBH 2tTMbBQM zg0 9y ƒK .2i2`KBM2/ #v +QKT`BM;
rBi? 6B2H/ 2i HX(R3)
*Q2{+B2Mi 7Q` +QMi`QHHBM; i?2 bT22/
Q7 i?2 HQM;@i2`K +QMi`+iBQM c
y- R- 8- Ry-
ky- jy- 9y
6HQr T`K2i2`b
S`QT;iBQM p2HQ+Biv Q7 i?2 T2`BbiHiB+ rp2 Uc jy ƒKfb >QHK#2`; 2i HX(k9)
6HmB/ /2MbBiv ρ Ryyy F;fK3
6HmB/ pBb+QbBiv µ yXyyR S·b
oQHmK2 ~Qr `i2 i i?2 BMH2i Qin y ‒8 Q0 6B2H/ 2i HX(R3)
Q043Xj×Ry−17K3fb
@ RN @
*>Sh1_ kX h_LaSP_h *la1. "u S1_AahGhA* JPhAPL AL h>1
w1"_6Aa> ALh1ahAL1
kXj _2bmHib
kXjXR JBtBM; BM/m+2/ #v `2i`Q;`/2 T2`BbiHbBbX
h?2 2z2+i Q7 `2i`Q;`/2 T2`BbiHbBb QM i?2 KBtBM; 7mM+iBQM BM i?2 mTbi`2K TQ`iBQM
Q7 i?2 BMi2biBM2- i.e.-z < zf0- rb BMp2biB;i2/ }`biX 6B;m`2 kX8 b?Qrb i?2 p2HQ+Biv
p2+iQ`b `QmM/ i?2 `2i`Q;`/2 T2`BbiHiB+ rp2 mM/2` i?2 +QM/BiBQMb t 4 8 b- Qin 4
R Q0, δf = 0.3 _- c 4 y- M/ h 4 y ?X C2i ~Qr rb ;2M2`i2/ i i?2 M``QrBM;-
M/ H`;2 `/BH p2HQ+BiB2b r2`2 BM/m+2/ mTbi`2K M/ /QrMbi`2K Q7 i?2 M``Qr@
BM;X 6B;m`2 kX8" b?Qrb i?2 i`D2+iQ`B2b Q7 T`iB+H2b- BMBiBHHv HB;M2/ T2`T2M/B+mH`Hv
iQ i?2 x@tBb- /m`BM; QM2 T2`BQ/ Q7 T2`BbiHbBbX h?2 T`iB+H2b KQp2/  +QMbB/2`#H2
/BbiM+2 /m`BM; i?2 T2`BQ/- r?B+? Kv `2bmHi BM KBtBM;X
hQ /Bb+mbb i?2 KBtBM; 2z2+i [mMiBiiBp2Hv- i?2 /BbT2`bBQM +Q2{+B2Mi /2}M2/ #v
1[XUkXkXdV rb +H+mHi2/ mbBM; i?2 i`D2+iQ`B2b Q7 T`iB+H2b BM i?2 mTbi`2K TQ`iBQM
Q7 i?2 BMi2biBM2X h?2 pHm2b Q7 . mM/2` i?2 +QM/BiBQMb Q7 Qin 4 R Q0, δf = 0.3 _- c
4 y M/ h 4 y ? `2 b?QrM BM 6B;m`2 kXeX h?2 pHm2 Q7 D BM+`2b2/ `TB/Hv mMiBH
9yy b- M/ i?2 ~mB/ T`iB+H2b 2t?B#Bi2/ #HHBbiB+ KQiBQMX 7i2` Ryyy b- i?2 pHm2 Q7
D bi#BHBx2/ #mi /2+`2b2/ ;`/mHHv i?2`27i2`X .m2 iQ i?2 HQM;@i2`K +QMi`+iBQM
/2b+`B#2/ #v 1[XUkXkXRV- TT`QtBKi2Hv Ry W Q7 i?2 +QMi2Mib r2`2 2t+`2i2/ i?`Qm;?
i?2 QmiH2i Qp2`  jy KBM T2`BQ/X h?2`27Q`2- i?2 /BbT2`bBQM +Q2{+B2Mi Qp2` jy KBM
UR3yy bV Bb TT`QT`Bi2 iQ /2b+`B#2 i?2 KBtBM; 7mM+iBQM Q7 i?2 x2#`}b? BMi2biBM2X
h?2 pHm2 Q7 D rb BM i?2 Q`/2` Q7 10−12 K2/bX
 T`K2i`B+ bim/v rb T2`7Q`K2/ M2tiX 6B;m`2 kXd b?Qrb i?i i?2 BMH2i ~Qr
`i2 Qin 2M?M+2/ i?2 /2;`22 Q7 KBtBM;X h?2 /Bz2`2M+2 #2ir22M y M/ R Q0 rb
;`2i2` i?M i?i #2ir22M R Q0 M/ 8 Q0- r?B+? BM/B+i2b i?i  bKHH KQmMi
Q7 BM~Qr 2t2`i2/  /`KiB+ 2z2+i QM i?2 KBtBM; 7mM+iBQMX 6B;m`2 kXd" b?Qrb i?2
2z2+i Q7 i?2 /2Ti? Q7 T2`BbiHiB+ +QMbi`B+iBQM- δf X h?2 2z2+i Q7 δf rb MQi bB;MB}+Mi-
Hi?Qm;? Bi `2bmHi2/ BM  bHB;?i BM+`2b2 BM D i t 4 kjyy bX aBM+2 i?2 ~Qr BM i?2
BMi2biBM2 rb BM2`iB@7`22- i?2 bT22/ Q7 i?2 D2i ~Qr i i?2 M``QrBM; /B/ MQi THv 
KDQ` `QH2 BM i?2 KBtBM;X h?Bb KB;?i 2tTHBM r?v i?2 2z2+i Q7 δf rb MQi bB;MB}+MiX
6B;m`2 kXd* b?Qrb i?2 2z2+i Q7 i?2 ;2QK2i`v Q7 i?2 BMi2biBM2 i p`BQmb iBK2b 7i2`
722/BM; hX h?2 pHm2 Q7 D /2+`2b2/ b h BM+`2b2/- #2+mb2 b h BM+`2b2/- i?2
@ ky @
kXjX _1alGha
6B;m`2 kX8X 6HQr }2H/ BM/m+2/ #v `2i`Q;`/2 T2`BbiHbBb mM/2` i?2 +QM/BiBQMb Qin 4 R
Q0- δf 4 yXj _- c 4 y M/ h 4 y ?X , o2HQ+Biv p2+iQ`b M/ T`2bbm`2 /Bbi`B#miBQM `QmM/
i?2 M``QrBM; i 8 bX h?2 ``Qr b?Qrb i?2 /B`2+iBQM Q7 rp2 T`QT;iBQMX ", h`D2+iQ`B2b
Q7 QM2 ?mM/`2/ T`iB+H2b BMBiBHHv TH+2/ T2`T2M/B+mH`Hv iQ i?2 x@tBb /m`BM; QM2 T2`BQ/
Q7 T2`BbiHbBbX
@ kR @

















6B;m`2 kXeX *?M;2 BM i?2 /BbT2`bBQM +Q2{+B2Mi . Qp2` iBK2 mM/2` i?2 +QM/BiBQMb Qin 4
R Q0- δf 4 yXj _- c 4 y M/ h 4 y ?X
pQHmK2 Q7 i?2 BMi2biBM2 /2+`2b2/- M/ i?mb i?2 bT+2 rBi?BM r?B+? ~mB/ T`iB+H2b
+QmH/ bT`2/ rb `2/m+2/X
kXjXk SmKTBM; BM/m+2/ #v Mi2`Q;`/2 T2`BbiHbBbX
h?2 2z2+i Q7 Mi2`Q;`/2 T2`BbiHbBb QM i?2 TmKTBM; 7mM+iBQM rb BMp2biB;i2/X 6B;@
m`2b kX3 M/ kX3" b?Qr i?2 T`2bbm`2 /Bbi`B#miBQM rBi? M/ rBi?Qmi Mi2`Q;`/2
T2`BbiHbBb- `2bT2+iBp2Hv- mM/2` i?2 +QM/BiBQMb t 4 8 b- Qin 4 R Q0, δf 4 yXj _- c
4 ky M/ h 4 y ?X  pHm2 Q7 c 4 ky rb mb2/- #2+mb2 Mi2`Q;`/2 T2`BbiHbBb Bb
bQK2iBK2b ++QKTMB2/ #v  bi`QM; +QMi`+iBQM Q7 i?2 2MiB`2 BMi2biBM2X h?2 T`2bbm`2
/2+`2b2/ bB;MB}+MiHv BM i?2 T`2b2M+2 Q7 Mi2`Q;`/2 T2`BbiHbBbX h?2 T`2bbm`2 /2@
+`2b2 rb ;2M2`i2/ i i?2 M``QrBM; U6B;m`2 kX3*V- r?2`2 BMp2`b2 ~Qr iQr`/b i?2
BMH2i rb ;2M2`i2/- Hi?Qm;? i?2 #mHF ~Qr rb iQr`/b i?2 QmiH2iX AM i?2 }2H/ Q7
K2+?MB+H 2M;BM22`BM;-  TmKT ;2M2`i2b  T`2bbm`2 /Bz2`2M+2 #2ir22M i?2 BM~Qr



































































6B;m`2 kXdX 1z2+ib Q7 p`BQmb T`K2i2`b QM i?2 /BbT2`bBQM +Q2{+B2Mi,Qin(δf 4 yXj _- c
4 y M/ h 4 y ?V UV- δf (Qin 4 R Q0- c 4 y M/ h 4 y ?V U"V M/ h UQin 4 R Q0- δf 4
yXj _ M/ c 4 yV U*V @ kj @
*>Sh1_ kX h_LaSP_h *la1. "u S1_AahGhA* JPhAPL AL h>1
w1"_6Aa> ALh1ahAL1
M/ ?/ x2`Q `2HiBp2 T`2bbm`2X h?mb- i?2 T`2bbm`2 i i?2 BMH2i bB/2 Q7 i?2 M``QrBM;
/2+`2b2/X "2+mb2 i?2 T`2bbm`2 /2+`2b2 Bb  `2bQM#H2 K2bm`2 Q7 i?2 TmKTBM;
7mM+iBQM- Bi Bb MHvx2/ #2HQrX
6B;m`2 kXN b?Qrb i?2 BMbiMiM2Qmb T`2bbm`2 /Bbi`B#miBQM HQM; i?2 /Q`bH HBM2
Q7 i?2 BMi2biBMH rHH mM/2` i?2 bK2 +QM/BiBQMb b BM 6B;m`2b kX3 M/ kX3"X ;BM-
i?2 T`2bbm`2 rb /2+`2b2/ bB;MB}+MiHv #v Mi2`Q;`/2 T2`BbiHbBbX h?2 T`2bbm`2 i
i?2 BMH2i bB/2 Q7 i?2 M``QrBM; rb yXyy8 S H2bb i?M i?i i i?2 QmiH2i bB/2- H@
i?Qm;? i?2 T`2bbm`2 Qb+BHHi2/ /m2 iQ ~Qr `QmM/ i?2 M``QrBM;X "v +H+mHiBM; i?2
p2`;2 Q7 i?2 T`2bbm`2 Qp2` QM2 T2`BQ/ Q7 T2`BbiHbBb- i?2 iBK2@p2`;2 T`2bbm`2 /Bb@
i`B#miBQM Pa(z) +M #2 Q#iBM2/ b b?QrM BM 6B;m`2 kXN"X h?2 iBK2@p2`;2 T`2bbm`2
i i?2 BMH2i bB/2 Q7 i?2 BMi2biBM2 rb `2/m+2/ #v yXyyj S- r?B+? Kv +QMbB/2`#Hv
`2/m+2 i?2 rQ`F iQ ;2M2`i2 T2`BbiHiB+ KQiBQMX
L2ti-  T`K2i`B+ bim/v rb +QM/m+i2/X hQ /Bb+mbb i?2 TmKTBM; 2z2+i- i?2
p2`;2 T`2bbm`2 Q7 i?2 BMi2biBM2- Pt - rb /2}M2/ b i?2 bTiBH p2`;2 Q7 Pa(z)
Qp2` i?2 bm`7+2 Q7 i?2 BMi2biBMH rHHX 6B;m`2 kXRy b?Qrb i?2 2z2+i Q7 i?2 HQM;@i2`K
+QMi`+iBQM +Q2{+B2Mi c QM PtX h?2 T`2bbm`2 BM+`2b2/ rBi? BM+`2bBM; c- #2+mb2 i?2
~Qr iQr`/b i?2 QmiH2i rb BM+`2b2/ #v i?2 H`;2 HQM;@i2`K +QMi`+iBQMX h?2 2z2+i
Q7 Mi2`Q;`/2 T2`BbiHbBb QM Pt rb 2pB/2Mi B``2bT2+iBp2 Q7 i?2 pHm2 Q7 cX 6B;m`2
kXRy" b?Qrb i?2 2z2+i Q7 i?2 BM~Qr `i2 QinX h?2 2z2+i rb HBKBi2/- #2+mb2 Qin
rb MQi Km+? ;`2i2` i?M i?2 ~Qr `i2 ;2M2`i2/ #v HQM;@i2`K +QMi`+iBQM g(z, t)X
6B;m`2 kXRy* b?Qrb i?2 2z2+i Q7 i?2 /2Ti? Q7 T2`BbiHiB+ +QMbi`B+iBQM δf c i?2 T`2bbm`2
/2+`2b2/ K`F2/Hv rBi? BM+`2bBM; δf X Hi?Qm;? δf ?/ HBiiH2 2z2+i QM KBtBM; U+7X
6B;m`2 kXd"V- Bi K/2  +QMbB/2`#H2 +QMi`B#miBQM iQ i?2 TmKTBM; 7mM+iBQMX 6B;m`2
kXRy. b?Qrb i?2 2z2+i Q7 i?2 ;2QK2i`v Q7 i?2 BMi2biBM2 i p`BQmb iBK2b 7i2` 722/BM;
hX h?2 2z2+i Q7 h rb HBKBi2/- M/ i?2 T`2bbm`2 /2+`2b2/ B``2bT2+iBp2 Q7 Bib pHm2X
kX9 .Bb+mbbBQM
q2 }`bi /Bb+mbb i?2 bB;MB}+M+2 Q7 i?2 KBtBM; BM/m+2/ #v `2i`Q;`/2 T2`BbiHbBb U+7X
b2+iBQM “JBtBM; BM/m+2/ #v `2i`Q;`/2 T2`BbiHbBb”VX qBi?BM i?2 BMi2biBM2- +?2K@
B+H bm#biM+2b M/ bKHH T`iB+H2b /Bzmb2 b  `2bmHi Q7 "`QrMBM KQiBQMX h?2
aiQF2b@1BMbi2BM 2[miBQM 7Q`  bT?2`B+H T`iB+H2 +M #2 mb2/ iQ /Bb+mbb i?2 Q`/2`
@ k9 @
kX9X .Aa*laaAPL
6B;m`2 kX3X X S`2bbm`2 /Bbi`B#miBQM mM/2` i?2 +QM/BiBQMb t 4 8 b- Qin 4 R Q0- δf 4 yXj
_- c 4 ky M/ h 4 y ?X , S`2bbm`2 /Bbi`B#miBQM BM i?2 #b2M+2 Q7 Mi2`Q;`/2 T2`BbiHbBbX
", S`2bbm`2 /Bbi`B#miBQM BM i?2 T`2b2M+2 Q7 Mi2`Q;`/2 T2`BbiHbBbX *, o2HQ+Biv p2+iQ`b
M/ T`2bbm`2 `QmM/ i?2 M``QrBM;X h?2 ``Qr b?Qrb i?2 /B`2+iBQM Q7 rp2 T`QT;iBQMX
@ k8 @





































6B;m`2 kXNX S`2bbm`2 /Bbi`B#miBQM rBi? Q` rBi?Qmi Mi2`Q;`/2 T2`BbiHbBb mM/2` i?2
+QM/BiBQMb Qin 4 R Q0- δf 4 yXj _- c 4 ky M/ h 4 y ?X , h?2 BMbiMiM2Qmb T`2bbm`2
/Bbi`B#miBQM HQM; i?2 /Q`bH HBM2 Q7 i?2 BMi2biBMH rHH i 8 bX ", h?2 iBK2@p2`;2
T`2bbm`2 /Bbi`B#miBQM Pa(z) +H+mHi2/ b i?2 p2`;2 T`2bbm`2 /m`BM; QM2 T2`BQ/ Q7



























































6B;m`2 kXRyX 1z2+ib Q7 p`BQmb T`K2i2`b QM i?2 p2`;2 T`2bbm`2 Q7 i?2 BMi2biBM2 Pt
+H+mHi2/ b i?2 p2`;2 T`2bbm`2 QM i?2 bm`7+2 Q7 i?2 BMi2biBMH rHH /m`BM; QM2 T2`BQ/
Q7 T2`BbiHbBb, c UQin 4 R Q0- δf 4 yXj _ M/ h 4 y ?V UV- Qin Uδf 4 yXj _- c 4 ky M/
? 4 y ?V U"V- δf (Qin 4 R Q0- c 4 ky M/ h 4 y ?V U*V M/ h (Qin 4 R Q0- δf 4 yXj _
M/ c 4 kyV U.VX @ k3 @
kX9X .Aa*laaAPL
Q7 "`QrMBM /BzmbBQM DB- r?B+? Bb /2}M2/ b DB = kBT/(6µr)- r?2`2 kB Bb i?2
"QHixKMM +QMbiMi- T Bb i?2 i2KT2`im`2- µ Bb i?2 pBb+QbBiv- M/ r Bb i?2 `/BmbX
i  i2KT2`im`2 Q7 jd ◦* M/ pBb+QbBiv Q7 yXyyR S·b- DB Bb BM i?2 Q`/2` Q7 10−12
Kk/b 7Q`  T`iB+H2 yX9 ƒK BM /BK2i2`X aBM+2 D /m2 iQ `2i`Q;`/2 T2`BbiHbBb rb
BM i?2 Q`/2` Q7 10−12Kk/b - i?2 KBtBM; Q7 T`iB+H2b bKHH2` i?M yX9 ƒK rQmH/ #2
ii`B#mi2/ KBMHv iQ "`QrMBM KQiBQM- M/ i?i Q7 i?Qb2 H`;2` i?M yX9 ƒK iQ
`2i`Q;`/2 T2`BbiHiB+ KQiBQMX A7 i?2 /B;2bi2/ +?vK2 ?b  ?B;?2` pBb+QbBiv- 2X;X- R
S·b- i?2 /BbT2`bBQM +Q2{+B2Mi Bb mMz2+i2/ /m2 iQ i?2 BM2`iB@7`22 Mim`2 Q7 i?2 ~Qr
}2H/X AM +QMi`bi- "`QrMBM /BzmbBpBiv /2+`2b2/ iQ RfRyyy- b /2i2`KBM2/ #v i?2
aiQF2b@1BMbi2BM 2[miBQMX h?2`27Q`2- i?2 /BbT2`bBQM Q7 T`iB+H2b +mb2/ #v `2i`Q;`/2
T2`BbiHbBb Kv #2 KQ`2 BKTQ`iMi i?M i?i +mb2/ #v "`QrMBM /BzmbBQM- 2p2M 7Q`
i?Qb2 T`iB+H2b yX9 ƒK BM /BK2i2`X
6BMHHv- i?2 2z2+i Q7 i?2 T`2bbm`2 /2+`2b2 +mb2/ #v Mi2`Q;`/2 T2`BbiHbBb U+7X
b2+iBQM “SmKTBM; BM/m+2/ #v Mi2`Q;`/2 T2`BbiHbBb”V QM 2M2`;v 2tT2M/Bim`2 #v
i?2 BMi2biBMH Kmb+H2 Bb /Bb+mbb2/X h?2 +iBpiBQM M/ KBMi2MM+2 ?2i Q7 Kmb+H2
+M #2 +H+mHi2/ #v i?2 2[miBQM HAM = A0 + M0σS/σ0 (k8- 9d- 93- ek)- r?2`2
A0 Bb i?2 +iBpiBQM ?2i Q7 Kmb+H2- M0 Bb i?2 +Q2{+B2Mi Q7 i?2 KBMi2MM+2 ?2i-
σ0 Bb i?2 KtBKmK i2MbBQM Q7 i?2 Kmb+H2- M/ σs Bb i?2 Kmb+H2 i2MbBQMX h?2 Kmb@
+H2 i2MbBQM σs +M #2 bbmK2/ iQ #2 T`QTQ`iBQMH iQ i?2 T`2bbm`2 BM i?2 BMi2biBM2-
#2+mb2 i?2 Kmb+H2 +QMi`+iBQM 7Q`+2 b?QmH/ #HM+2 i?2 `2bBbiM+2 +mb2/ #v i?2
/B;2bi2/ +?vK2 M/ bm``QmM/BM; iBbbm2bX h?2`27Q`2- i?2 T`2bbm`2 /2+`2b2 +mb2/ #v
Mi2`Q;`/2 T2`BbiHbBb Bb #2M2}+BH BM i2`Kb Q7 `2/m+BM; i?2 2M2`;v +QMbmKTiBQM #v
i?2 BMi2biBMH Kmb+H2X
AM i?Bb bim/v- r2 i`B2/ iQ `2T`Q/m+2 i?2 2tT2`BK2Mi /QM2 #v 6B2H/2i HX(R3)- BM
r?B+? bKHH KQmMi Q7 TQr/2`2/ 722/ M/ ~mQ`2b+2Mi i`+2` T`iB+H2b r2`2 //2/ iQ
/2BQMBx2/ ri2`X AM Q`/2` iQ KBKB+ i?2 2tT2`BK2MiH +QM/BiBQM BM i?2 T`2b2Mi TT2`-
r2 bbmK2/ i?i i?2 ~mB/ BM i?2 BMi2biBM2 rb L2riQMBM rBi? i?2 pBb+QbBiv Q7 10Ɛ3
S·bX AM Mim`2- ?Qr2p2`- i?2 ~mB/ BM i?2 BMi2biBM2 Kv ?p2 /Bz2`2Mi `?2QHQ;B+H
T`QT2`iB2b 7`QK ri2`X q?2M i?2 ~mB/ Bb L2riQMBM #mi rBi? Km+? ?B;?2` pBb+QbBiv-
i?2 T`2bbm`2 /`QT /m2 iQ i?2 T2`BbiHbBb BM+`2b2b HBM2`Hv rBi? i?2 pBb+QbBivX h?2
/BbT2`bBQM +Q2{+B2Mi- QM i?2 Qi?2` ?M/- /Q2b MQi +?M;2X h?Bb Bb #2+mb2 i?2 ~Qr
BM i?2 BMi2biBM2 Bb aiQF2bBM- M/ i?2 p2HQ+Biv }2H/ Bb mMz2+i2/ #v i?2 pBb+QbBiv mM/2`
@ kN @
*>Sh1_ kX h_LaSP_h *la1. "u S1_AahGhA* JPhAPL AL h>1
w1"_6Aa> ALh1ahAL1
i?2 T`2b2Mi #QmM/`v +QM/BiBQMbX q?2M i?2 ~mB/ b?Qrb MQM@L2riQMBM T`QT2`iB2b-
i?2 HBM2`Biv BM i?2 ~Qr }2H/ #`2Fb /QrM- M/ +QKTH2t T?2MQK2M Kv +QK2 QmiX
aBM+2 `?2QHQ;B+H T`QT2`iB2b Q7 i?2 ~mB/ BM i?2 BMi2biBM2 Q7 x2#` }b? H`p2 r2`2 MQi
7QmM/ BM HBi2`im`2- r2 rQmH/ HBF2 iQ BMp2biB;i2 i?2 2z2+ib BM Qm` 7mim`2 bim/B2bX
kX8 amKK`v
q2 T`QTQb2/ M MiQKB+HHv `2HBbiB+ i?`22@/BK2MbBQMH ;2QK2i`B+ KQ/2H Q7 i?2
x2#`}b? H`pH BMi2biBM2- M/ i?2M BMp2biB;i2/ i?2 i`MbTQ`i T?2MQK2M +mb2/
#v T2`BbiHiB+ KQiBQM rBi? MmK2`B+H bBKmHiBQM K2i?Q/X h?2 `2bmHib b?Qr2/ i?i
`2i`Q;`/2 T2`BbiHiB+ KQiBQM rb i?2 KDQ` +QMi`B#miQ` iQ i?2 KBtBM; 7mM+iBQMX h?2
/BbT2`bBQM +mb2/ #v T2`BbiHbBb Qp2` jy KBM rb BM i?2 Q`/2` Q7 10Ɛ12 Kk/b- r?B+?
Bb ;`2i2` i?M i?2 "`QrMBM /BzmbBQM Q7  bT?2`2 Q7 yX9 ƒK /BK2i2`X AM +QMi`bi-
Mi2`Q;`/2 T2`BbiHiB+ KQiBQM +QMi`B#mi2/ KBMHv iQ i?2 TmKTBM; 7mM+iBQMX h?2
T`2bbm`2 /2+`2b2 /m2 iQ T2`BbiHbBb rb BM i?2 Q`/2` Q7 KBHHBTb+Hb- r?B+? Kv
`2/m+2 i?2 +iBpiBQM M/ KBMi2MM+2 ?2i Q7 BMi2biBMH Kmb+H2X h?2b2 }M/BM;b




"+i2`BH bTiBH ?2i2`Q;2M2Biv BM i?2 BMi2b@
iBM2 Q7 x2#`}b? H`p2
jXR AMi`Q/m+iBQM
h`BHHBQMb Q7 KB+`QQ`;MBbKb i?`Bp2 rBi?BM i?2 BMi2biBM2b Q7 ?mKMb Q` Qi?2` MB@
KHb- KQbi Q7 r?B+? `2 #+i2`B i?i ?p2  bvK#BQiB+ `2HiBQMb?BT rBi? i?2 ?Qbi
M/ THv M BKTQ`iMi `QH2 BM i?2 ?2Hi? Q7 i?2 ?QbiX aQK2 BMi2biBMH #+i2`B `2
bQm`+2b Q7 BM~KKiBQM M/ BM72+iBQM- M/ `2 BKTHB+i2/ BM ;bi`QBMi2biBMH M/
Qi?2` /Bb2b2b bm+? b Q#2bBiv- +QHQM +M+2`- QTTQ`imMBbiB+ BM72+iBQMb- M/ BM~K@
KiQ`v #Qr2H /Bb2b2 (kR- kk- jR- jd- 99)X >2M+2- KMv BMp2biB;iBQMb Q7 BMi2biBMH
#+i2`B ?p2 #22M +QM/m+i2/ Qp2` i?2 Hbi /2+/2X aQK2 Q7 i?2b2 bim/B2b 7Q+mb2/ QM
i?2 ?2i2`Q;2M2Qmb /Bbi`B#miBQM Q7 #+i2`B rBi?BM i?2 BMi2biBM2X .QMH/bQM 2i HX(Rj)
BMp2biB;i2/ i?2 #BQ;2Q;`T?v Q7 #+i2`B BM i?2 ;mi M/ i?2 `2H2pM+2 Q7 bTiBH
?2i2`Q;2M2Biv iQ ?2Hi? M/ /Bb2b2X G22 2i HX(je) pBbmHBx2/ KB+`Q#BH #BQ;2Q;`T?v
rBi?BM i?2 +QHQM- M/ MQi2/ i?i i?2 MB+?2 rBi?BM +QHQMB+ +`vTib `2T`2b2Mi2/  `2b2`@
pQB` Q7 #+i2`B iQ KBMiBM HQM;@i2`K +QHQMBxiBQMX "+i2`BH /Bbi`B#miBQM ?b HbQ
#22M BMp2biB;i2/ BM T?vbB+H i2`Kb (R8- 8e)- #mi  +QKT`2?2MbBp2 mM/2`biM/BM; Q7
BMi2biBMH #+i2`BH ~Q` Bb biBHH H+FBM;X
w2#`}b? H`p2 ?p2 #22M rB/2Hv 2KTHQv2/ b  KQ/2H Q`;MBbK BM bim/B2b
Q7 p2`i2#`i2 #BQHQ;v /m2 iQ i?2B` i`MbT`2M+v M/ i?2 bBKBH`Biv Q7 i?2B` KDQ`
Q`;Mb iQ i?Qb2 Q7 ?mKMb (jN- 9y)X "+i2`BH ~Q` ?b HbQ #22M bim/B2/ BM i?2
BMi2biBM2b Q7 x2#`}b? #v KMv `2b2`+?2`b (k- kN- 9N- 88- dR)X _2+2MiHv- C2KB2HBi 2i
HX(kN) `2TQ`i2/ i?i Aeromonas #+i2`B BM i?2 H`pH x2#`}b? BMi2biBM2 2t?B#Bi 
?2i2`Q;2M2Qmb /Bbi`B#miBQM M/ `2 ;;`2;i2/ BM i?2 KB//H2 Q7 i?2 BMi2biBMH i`+iX
@ jR @
*>Sh1_ jX "*h1_AG aShAG >1h1_P:1L1Ahu AL h>1
ALh1ahAL1 P6 w1"_6Aa> G_o1
qBH2b 2i HX(dR) 7m`i?2` BMp2biB;i2/ i?2 /Bbi`B#miBQM Q7 Aeromonas #v BMi`Q/m+BM;
MQi?2` #+i2`BmK- V ibrio- BMiQ i?2 H`pH x2#`}b? BMi2biBM2X h?2v b?Qr2/ i?i
i?2 ?#Bii Q7 Aeromonas rb KQ/B}2/ #v +QKT2iBiBQM rBi? V ibrio- `2bmHiBM; BM
Hi2`2/ /Bbi`B#miBQMX Hi?Qm;? i?2 ?2i2`Q;2M2Qmb /Bbi`B#miBQM Q7 BMi2biBMH #+i2`B
Bb BKTQ`iMi #BQHQ;B+HHv M/ +HBMB+HHv- Bib K2+?MBbK `2KBMb H`;2Hv mMFMQrMX
Ji?2KiB+H KQ/2HBM; +M #2 mb27mH 7Q` 2Hm+B/iBM; i?2 ?2i2`Q;2M2Qmb /Bbi`B#m@
iBQM Q7 #+i2`B- b Bi +M T`QpB/2 +H2` bi`m+im`2 7Q` +QKTH2t T?2MQK2M i?`Qm;?
r2HH@/2}M2/ MmK2`B+H 2tT2`BK2MibX Ji?2KiB+H KQ/2Hb Q7 #+i2`BH ~Q` BM i?2
BMi2biBM2 ?p2 #22M `2TQ`i2/ #v Ab?BFr 2i HX(kd) M/ *`2K2` 2i HX(N)X >Qr2p2`-
i?2b2 KQ/2Hb Q7 i?2 BMi2biBM2 r2`2 iQQ B/2HBx2/- M/ i?mb i?2B` `2bmHib +MMQi #2 mb2/
iQ MHvx2 i?2 ?2i2`Q;2M2Qmb /Bbi`B#miBQM Q7 #+i2`B rBi?BM i?2 BMi2biBM2X hQ i?2
#2bi Q7 Qm` FMQrH2/;2- MQ Ki?2KiB+H KQ/2H ?b v2i #22M /2p2HQT2/ iQ /2b+`B#2
i?Bb T?2MQK2MQMX
AM i?Bb bim/v- r2 BMi`Q/m+2  +QKTmiiBQMH KQ/2H iQ /2b+`B#2 i?2 ?2i2`Q;2M2Qmb
/Bbi`B#miBQM Q7 #+i2`B BM i?2 BMi2biBM2b Q7 x2#`}b? H`p2X M MiQKB+HHv@`2HBbiB+
i?`22@/BK2MbBQMH ;2QK2i`B+ KQ/2H Q7 i?2 H`pH x2#`}b? BMi2biBM2 rb +QMbi`m+i2/
#b2/ QM 2tT2`BK2MiH /i 7`QK C2KB2HBi 2i HX(kN)- M/ i?2 2[miBQMb ;Qp2`M@
BM; ~mB/ K2+?MB+b- Mmi`B2Mi i`MbTQ`i- M/ ;`Qri? Q7  bBM;H2 bi`BM Q7 #+i2`B
r2`2 bQHp2/ MmK2`B+HHvX q2 HbQ 2KTHQv2/  b+HBM; `;mK2Mi BM i?2 .Bb+mbbBQM- BM
r?B+? r2 b?Qr2/ i?i i?2 itBb p2HQ+Biv Q7 #+i2`B Kmbi #2 H`;2` i?M i?2 bmK
Q7 i?2 /BzmbBp2 p2HQ+Biv M/ i?2 #+F;`QmM/ #mHF ~Qr p2HQ+Biv iQ BM/m+2 #+i2`BH
;;`2;iBQMX
jXk JQ/2HBM; M/ J2i?Q/b
jXkXR :2QK2i`v Q7 i?2 BMi2biBM2
 i?`22@/BK2MbBQMH KQ/2H Q7 i?2 BMi2biBM2 rb +QMbi`m+i2/ BM  bBKBH` KMM2` iQ
i?i /2b+`B#2/ BM Qm` T`2pBQmb bim/v (dk)X h?2 +2Mi2`HBM2 M/ rB/i? Q7 i?2 BMi2biBM2
Q7  H`pH x2#`}b? i 8 /vb TQbi@72`iBHBxiBQM(kN) r2`2 2ti`+i2/ rBi? i?2 BK;2
MHvbBb bQ7ir`2 AK;2C ULA>- laVX h?2 Q`B;BM Q7 +QQ`/BMi2b rb b2i i i?2 BMH2i
Q7 i?2 BMi2biBM2- BX2X- Dmbi Tbi i?2 2bQT?;2H bT?BM+i2`- M/ i?2 x@tBb rb /2}M2/
b i?2 /B`2+iBQM iQr`/ i?2 QmiH2i- b b?QrM BM 6B;m`2 jXRX *QMbB/2`BM; T`2pBQmb
2tT2`BK2MiH Q#b2`piBQMb (R- j- 89)- i?2 +`Qbb@b2+iBQM Q7 i?2 BMi2biBM2 rb bbmK2/
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iQ #2 +B`+mH`- M/ #BHi2`H bvKK2i`v Q7 i?2 BMi2biBMH i`+i rb bbmK2/X
hrQ ivT2b Q7 T2`BbiHiB+ KQiBQM r2`2 +QMbB/2`2/, `2i`Q;`/2 T2`BbiHbBb i?i T`QT@
;i2b iQr`/ i?2 BMH2i- M/ Mi2`Q;`/2 T2`BbiHbBb i?i T`QT;i2b iQr`/ i?2
QmiH2iX "Qi? T2`BbiHiB+ rp2b Q`B;BMi2 BKK2/Bi2Hv /BbiH Q7 i?2 2M/ Q7 i?2 brBK
#H//2` i zf0 (k9- 89)X amT2`BKTQbBM; i?2 irQ ivT2b Q7 T2`BbiHiB+ KQiBQM ;Bp2M #v
f(z, t) BM  KMM2` bBKBH` iQ i?i Q7 Ab?BFr 2i HX(kd)M/ uM; 2i HX(dk)- i?2




W (z, h+ t) = W0(z, h) + fan(z, t) + fre(z, t),




{z −H(t,∆tan)Uc − zf0}2
]
,








r?2`2 W0(z) Bb i?2 /BK2i2` Q7 i?2 BMi2biBM2 rBi?Qmi T2`BbiHbBb- M/ fan(z, t)
M/ fre(z, t) `2 +QMbi`B+iBQMb ;2M2`i2/ #v Mi2`Q;`/2 M/ `2i`Q;`/2 T2`BbiHiB+
KQiBQM- `2bT2+iBp2HvX δf Bb i?2 /2Ti? Q7 i?2 T2`BbiHiB+ rp27Q`K- λf Bb i?2 ?H7@rB/i?-
M/ Uc Bb i?2 rp2 T`QT;iBQM p2HQ+BivX h?2 7mM+iBQM J(z, d) rb mb2/ iQ 2tT`2bb





1, wheng|z − zf0| ≤ d
exp[−(|z − zf0|− d)
l
], wheng|z − zf0| > d
. UjXkXkV
r?2`2 d Bb i?2 T2`BbiHbBb i`p2H /BbiM+2- M/ l Bb b2i iQ yXR dX h?2 7mM+iBQM H(t,
∆tV T`QpB/2b i?2 `2KBM/2` BM /BpBbBQM Q7 i #v ∆t- r?B+? BM/B+i2b i?i T2`BbiHbBb
Bb  T2`BQ/B+ KQiBQMX h?2 pHm2b Q7 i?2b2 T`K2i2`b `2 /Bb+mbb2/ BM i?2 b2+iBQM
“S`K2i2`b”M/ T`QpB/2/ BM h#H2 jXRX
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6B;m`2 jXRX h?`22@/BK2MbBQMH KQ/2H Q7 i?2 BMi2biBM2 Q7  x2#`}b? H`p i 8 /vb
TQbi@72`iBHBxiBQM #b2/ QM 2tT2`BK2MiH /i BM C2KB2HBi 2i HX(kN) "BHi2`H bvKK2i`v Bb
bbmK2/X
jXkXk "bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb Q7 ~mB/ K2@
+?MB+b
q2 `2bQHp2/ i?2 ~Qr Q7 BM+QKT`2bbB#H2 M/ L2riQMBM ~mB/b BM i?2 x2#`}b? BMi2b@




∇ · m = 0,
∂m
∂t






r?2`2 m /2MQi2b i?2 p2HQ+Biv p2+iQ`- ∇ Bb i?2 ;`/B2Mi QT2`iQ`- ρ Bb i?2 /2MbBiv-
p Bb i?2 T`2bbm`2- M/ µ Bb i?2 pBb+QbBivX q2 b2i i?2 /2MbBiv Q7 i?2 ~mB/ iQ ρ 4
Ryyy F;fm3 M/ i?2 pBb+QbBiv iQ µ410−3 S·b- bbmKBM; i?2 ~mB/ BM i?2 x2#`}b?
BMi2biBM2 Bb bBKBH` iQ i?2 bm``QmM/BM; ri2`X "2+mb2 i?2 _2vMQH/b MmK#2`-/2}M2/
b _24ρWUcfµ- rb bKHH2` i?M yXyR- i?2 ~Qr BM i?2 BMi2biBM2 +QmH/ #2 TT`QtB@
Ki2/ b BM2`iB@7`22X h?2 ~Qr `i2 i i?2 BMH2i Q7 i?2 BMi2biBM2 rb p`B2/ 7`QK y
iQ 8 Q0- r?2`2 Q0 rb /2`Bp2/ 7`QK i?2 2tT2`BK2MiH `2bmHib Q7 6B2H/ 2i HX(R3) b
8.3× 10−17 K3/b U+7X uM; 2i HX(dk)VX h?2 p2HQ+Biv T`Q}H2 i i?2 BMH2i rb bbmK2/
iQ #2 T`#QHB+X "2+mb2 i?2 Mmb Q7 H`p2 Bb QT2M iQ i?2 bm``QmM/BM; ~mB/- `2HiBp2
T`2bbm`2 i i?2 QmiH2i rb b2i iQ x2`QX h?2 `/BH p2HQ+Biv i i?2 rHH rb T`2b+`B#2/
#v i?2 iBK2 /2`BpiBp2 Q7 1[XUjXkXRV- M/ MQ tBH p2HQ+Biv rb bbmK2/ i i?2 rHHX
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jXkXj "bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb Q7 #+i2`B‒
Mmi`B2Mi +QmTH2/ i`MbTQ`i
"+i2`BH i`MbTQ`i +M #2 /2b+`B#2/ #v i?2 7QHHQrBM; 2[miBQM (kd- eN),
∂b
∂t








r?2`2 b Bb i?2 MmK#2` /2MbBiv Q7 #+i2`B- Db Bb i?2 /BzmbBQM +Q2{+B2Mi Q7 #+@
i2`B- λg Bb i?2 KtBKmK ;`Qri? `i2 Q7 i?2 #+i2`B- M/ λd Bb i?2 Mim`H /2i?
`i2X h?2 ;`Qri? `i2 rb bbmK2/ iQ #2  7mM+iBQM Q7 Mmi`B2Mi +QM+2Mi`iBQM M- M/
KM Bb i?2 JQMQ/ +QMbiMi- i.e.- i?2 ?H7@bim`iBQM +QMbiMi Q7 Mmi`B2MibX
h?2 +QM+2Mi`iBQM Q7 Mmi`B2Mib rb /2b+`B#2/ #v i?2 7QHHQrBM; 2[miBQM (kd- eN),
∂n
∂t




r?2`2 Dn Bb i?2 /BzmbBQM +Q2{+B2Mi Q7 Mmi`B2Mib M/ Yn Bb i?2 KtBKmK bT2+B}+
mTiF2 `i2 Q7 #+i2`BH K2i#QHBbKX
AM i?2 bim/v #v C2KB2HBi 2i HX(kN)- i?2 x2#`}b? rb ?2H/ BM  bT2+BK2M +?K#2`
+QMiBMBM; #+i2`B@7`22 2K#`vQ K2/BmKX hQ `2T`Q/m+2 i?2 2tT2`BK2MiH +QM/BiBQMb-
 +QMbiMi Mmi`B2Mi +QM+2Mi`iBQM Q7 R8y KQHfK3 M/ x2`Q #+i2`BH +QM+2Mi`iBQM
r2`2 b2i i i?2 BMH2i M/ QmiH2iX LQ #+i2`BH ~mt +`Qbb i?2 rHH Q7 BMi2biBM2 rb
HHQr2/X Lmi`B2Mi T2`K2#BHBiv Q7 i?2 rHH rb b2i iQ 2Bi?2` x2`Q Q` 5.3×10−7 Kfb(ey)
iQ BMp2biB;i2 irQ TQbbB#H2 +QM/BiBQMb, UV #+i2`B iF2 mT i?2 Mmi`B2Mi- #mi i?2 ?Qbi
/Q2b MQi- M/ U#V #Qi? i?2 ?Qbi M/ #+i2`B iF2 mT i?2 Mmi`B2MiX AMBiBHHv- # rb
b2i iQ 1012 K−3 `QmM/ i?2 BMH2i- i.e.- x ≤ R ƒK- M/ iQ x2`Q Qp2` i?2 `2bi Q7 i?2
/QKBMX h?Bb b2iiBM; rb mb2/ iQ `2T`Q/m+2 i?2 2tT2`BK2MiH +QM/BiBQMb Q7 C2KB2HBi
2i HX(kN)X b 6B;m`2 jXk b?QrM- r2 `2p2`b2 2ti2M/2/ i?2 HBM2 Q7 i?2 +Hmbi2`b #+i2`BH
;`Qri? KQ/2HUbQHB/ HBM2V iQ y ?- ;Qi i?2 BMBiBH #+i2`B MmK#2`- i?2M /BpB/2/ #v
i?2 BMBiBH pQHmK2 Q7 BMi2biBM2 iQ b2i i?2 BMBiBH #+i2`B +QM+2Mi`iBQMX  +QMbiMi
+QM+2Mi`iBQM Q7 R8y KQHfK3 rb mb2/ b i?2 BMBiBH Mmi`B2Mi +QM/BiBQM Qp2` i?2
r?QH2 /QKBMX
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6B;m`2 jXkX ZmMiB}+iBQM Q7 #+i2`BH HQ/ Qp2` iBK2 7Q` BM/BpB/mH #+i2`B UP`M;2V
M/ +Hmbi2`b Q7 #+i2`B U:`22MVU/Ti2/ 7`QK (kN)VX q2 ;Qi i?2 BMBiBH #+i2`B MmK#2`
#v `2p2`b2 2ti2M/BM; i?2 HBM2 Q7 i?2 +Hmbi2`b Q7 #+i2`BH ;`Qri? KQ/2HX
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jXkX9 "bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb Q7 #+i2`BH
i`MbTQ`i /m2 iQ itBb
hQ mM/2`biM/ i?2 #BQHQ;B+H `2bTQMb2 Q7 #+i2`B- itBb rb BMp2biB;i2/X AM i?2
BMi2biBM2- #+i2`B Kv 2t?B#Bi itBb /m2 iQ Mmi`B2Mib- T>- i2KT2`im`2- Qtv;2M-
MiBKB+`Q#BHb- M/ Qi?2` 7+iQ`bX hQ 2tT`2bb i?2 Mim`2 Q7 itBb Ki?2KiB+HHv- r2
BMi`Q/m+2/  TQi2MiBH }2H/ M/ /B/ MQi bT2+B7v i?2 Q`B;BM Q7 itBb BM Q`/2` iQ KBMiBM
i?2 ;2M2`HBiv Q7 i?2 KQ/2HX "+i2`B r2`2 bbmK2/ iQ 2t?B#Bi itBb /2T2M/BM; QM




−a (z − z0)2
]
UjXkXeV
r?2`2 ϕmax Bb i?2 KtBKmK pHm2 Q7 i?2 TQi2MiBH }2H/X AM i?2 2tT2`BK2Mi #v
C2KB2HBi 2i HX(kN)- Aeromonas ;;`2;i2/ `QmM/ i?2 KB//H2 Q7 i?2 BMi2biBMH i`+iX
h?mb- r2 b2i z0 iQ #2 i?2 KB/@TQBMi Q7 i?2 BMi2biBM2- i.e.- #Qmi dyy ƒK 7`QK i?2
BMH2iX  +QMi`QHb i?2 rB/i? Q7 i?2 TQi2MiBH }2H/- M/ rb b2i iQ 5.66 × 106 - bQ
i?i i?2 TQi2MiBH pHm2 rb ϕmax fk i i?2 [m`i2` M/ i?`22@[m`i2` TQBMib Q7 i?2
BMi2biBM2’b H2M;i?X AM Q`/2` iQ +H`B7v i?2 2z2+i Q7 i?2 TQi2MiBH 7Q`K QM i?2 bTiBH
?2i2`Q;2M2Biv Q7 #+i2`BH ~Q`- r2 HbQ T2`7Q`K2/ +H+mHiBQMb rBi?  i`BM;mH`
TQi2MiBH }2H/ ;Bp2M #v 1[XUjXjXRVX h?2 `2bmHib BHHmbi`i2 i?i i?2 /Bbi`B#miBQM rBi?
i?2 i`BM;mH` M/ :mbbBM 7Q`Kb `2 bBKBH` MQi QMHv [mHBiiBp2Hv #mi HbQ [mM@
iBiiBp2Hv- M/ i?2 2z2+i Q7 i?2 7mM+iBQMH 7Q`K Bb p2`v bKHHX h?2b2 /Bb+mbbBQMb +M
#2 7QmM/ 2tTHB+BiHv BM b2+iBQM jXjX9X
q2 2KTHQv2/ i?2 itBb KQ/2H Q7 E2HH2` M/ a2;2H(jk) M/ 2tT`2bb2/ #+i2`BH ~mt
/m2 iQ i?2 TQi2MiBH }2H/ b,
C = b∇ϕ UjXkXdV
r?2`2 C Bb i?2 ~mt Q7 #+i2`B- b Bb i?2 MmK#2` /2MbBiv Q7 #+i2`B- M/ ϕ Bb i?2
TQi2MiBH }2H/X h?2 mMBi Q7 i?2 TQi2MiBH }2H/ ϕ Bb K2fb- M/ ∇ϕ `2T`2b2Mib i?2
p2HQ+BivX h?Bb 2[miBQM BM/B+i2b i?i i?2 ~mt Bb T`QTQ`iBQMH iQ i?2 TQi2MiBH ;`@
/B2MiX AM Qm` BMp2biB;iBQM Q7 itBb- r2 bbmK2/ i?i i?2 Mmi`B2Mi +QM+2Mi`iBQM rb
bm{+B2MiHv ?B;? M/ /B/ MQi z2+i i?2 ;`Qri? `i2X h?mb- r2 /B/ MQi bQHp2 i?2
+QM+2Mi`iBQM }2H/ M/ bbmK2/ i?i i?2 KtBKmK ;`Qri? `i2 Q7 λg TTHB2/X h?2
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2[miBQM ;Qp2`MBM; #+i2`BH i`MbTQ`i- BM i?Bb +b2- rb i?2 7QHHQrBM;(jk- e9),
∂b
∂t
+ (m +∇ϕ)∇b = Db∇2b+
(





3.2× 10−4s−1, (b ≤ 6.5× 1015m−3)
0. (b ≥ 6.5× 1015m−3)
UjXkXNV
q2 b2i i?2 KtBKmK MmK#2` /2MbBiv Q7 #+i2`B iQ 6.5× 1015KƐj #b2/ QM i?2
;`Qri? +m`p2 Q#iBM2/ #v C2KB2HBi 2i HX(kN)X h?mb- i?2 ;`Qri? `i2 rb x2`Q r?2M
i?2 HQ+H b 2t+22/2/ 6.5× 1015KƐjUa22M 6B;m`2 jXkVX
jXkX8 LmK2`B+H K2i?Q/b M/ T`K2i2`b
h?2 ;Qp2`MBM; 2[miBQMb r2`2 bQHp2/ MmK2`B+HHv mbBM; i?2 +QKK2`+BH bQ7ir`2
Laua@*6s ULaua- laV rBi? i?2 #QmM/`v M/ BMBiBH +QM/BiBQMb /2b+`B#2/X
7i2` +?2+FBM; 7Q` iBK2 bi2T M/ K2b? +QMp2`;2M+2- i?2 iBK2 bi2T rb b2i iQ yXyk8
b 7Q` +H+mHiBQMb rBi? T2`BbiHbBb Q` Ry b 7Q` +H+mHiBQMb rBi?Qmi T2`BbiHbBbX q2
+?2+F2/ i?2 #+i2`B /Bbi`B#miBQM i /Bz2`2Mi HQ+iBQMb QM i?2 Hi2`H +`Qbb@b2+iBQM
rBi? +QKT`2/ i?2 iBK2 bi2T R b M/ iBK2 bi2T Ry b b 6B;m`2 jXjX 6`QK i?2 `2bmHib-
i?2 KtBKmK `2HiBp2 2``Q` Bb #Qmi yX9WX h?mb- r2 mb2/ i?2 iBK2 bi2T Ry b 7Q`
+H+mHiBQM rBi?Qmi T2`BbiHbBbX  bi`m+im`2/ K2b? rBi? RRy-83y ?2t?2/`H 2H2K2Mib
M/ RjR-y9y MQ/2b rb 2KTHQv2/X h?2 K2b? KQ/2H rb b?QrM b 6B;m`2 jX9X q2
+?2+F2/ i?2 K2b? +QMp2`;2M+2 b 6B;m`2 kX9 BM *?Ti2` k- MQi QMHv i?2 p2HQ+Biv
/Bbi`B#miBQM- #mi HbQ i?2 Mmi`B2Mi /Bbi`B#miBQMX
q2 T2`7Q`K2/ irQ ivT2b Q7 bBKmHiBQMb, UV #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i-
M/ U#V #+i2`BH i`MbTQ`i rBi? itBbX "+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i Bb /2@
b+`B#2/ BM a2+iBQM jXR mbBM; i?2 #bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb 2tTHBM2/
BM a2+iBQM kXjX "+i2`BH i`MbTQ`i rBi? itBb Bb /Bb+mbb2/ BM a2+iBQMb jXR‒jXj mbBM;
i?2 #bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb 2tTHBM2/ BM a2+iBQM kX9X S2`BbiHiB+
KQiBQM Bb 2tKBM2/ BM a2+iBQM jXj mbBM; i?2 rHH +QM};m`iBQM ;Bp2M BM a2+iBQM
kXRX AM a2+iBQMb jXR M/ jXk- T2`BbiHiB+ KQiBQM rb M2;H2+i2/- M/  HQM;@/m`iBQM
+QKTmiiBQM rb T2`7Q`K2/X h?2 T`K2i2`b mb2/ BM i?2 T`2b2Mi bim/v `2 HBbi2/
BM h#H2 RX "b2/ QM Q#b2`piBQMb #v >QHK#2`; 2i HX(k9)- _Q+? 2i HX(89)- _B+? 2i
HX(8k)- M/ "F2` 2i HX(R)- i?2 /2Ti? Q7 +QMi`+iBQM δf rb bbmK2/ iQ #2 8yW Q7 i?2
@ j3 @
jXkX JP.1GAL: L. J1h>P.a
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6B;m`2 jXjX h?2 #+i2`B /Bbi`B#miBQM Q7 `2bmHib 7Q` +?2+FBM; iBK2 bi2TX , i?2 HQ+iBQM Q7
b2H2+i2/ HBM2b 7Q` i?2 iBK2 bi2T +?2+FBM;X h?2 HBM2b r2`2 QM i?2 Hi2`H +`Qbb@b2+iBQMX"@.,
i?2 #+i2`B /Bbi`B#miBQM 7Q` iBK2 bi2T R b M/ iBK2 bi2T Ry b i /Bz2`2Mi HBM2X
@ 9y @
jXjX _1alGha
6B;m`2 jX9X  i?`22@/BK2MbBQMHbi`m+im`2 K2b? KQ/2H Q7 i?2 BMi2biBM2 Q7  x2#`}b?
H`p i 8 /vb TQbi@72`iBHBxiBQMX
`/Bmb Q7 i?2 BMi2biBM2X h?2 T`QT;iBQM p2HQ+Biv Q7 T2`BbiHbBb UUcV rb bbmK2/ iQ
#2 R8 ƒKfbX h?2 BMi2`pH iBK2 ∆t rb bbmK2/ iQ #2 k9 M/ ey b 7Q` `2i`Q;`/2 M/
Mi2`Q;`/2 T2`BbiHiB+ KQiBQM- `2bT2+iBp2HvX h?2 i`p2H /BbiM+2 Q7 T2`BbiHbBb rb
bbmK2/ iQ #2 Rdy ƒK 7Q` `2i`Q;`/2 T2`BbiHbBb UdreV M/ jdy ƒK 7Q` Mi2`Q;`/2
T2`BbiHbBb UdanVX h?2 /BzmbBQM +Q2{+B2Mi Q7 #+i2`B rb p`B2/ Qp2` i?2 `M;2 Db
4 R Ɠ U10Ɛ12Ɛ10Ɛ10 V K2 fb- M/ i?2 BMH2i ~Qr `i2 rb p`B2/ Qp2` i?2 `M;2 Qin
4 R‒8 Q0X
jXj _2bmHib
jXjXR "+i2`BH /Bbi`B#miBQM #b2/ QM irQ ?vTQi?2b2b
AM i?2 2tT2`BK2Mi #v C2KB2HBi 2i HX(kN)- Aeromonas ;;`2;i2/ `QmM/ i?2 KB/@
/H2 Q7 i?2 BMi2biBMH i`+iX q2 }`bi i`B2/ iQ `2T`Q/m+2 i?Bb ;;`2;i2/ /Bbi`B#miBQM
mbBM; i?2 #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?vTQi?2bBb /2b+`B#2/ BM a2+iBQM jXjXRX
q2 HbQ BMp2biB;i2/ i?2 #+i2`BH i`MbTQ`i rBi? itBb ?vTQi?2bBb MQi2/ BM a2+iBQM
jXjXRjXRXkX hQ [mMiBiiBp2Hv /2b+`B#2 ;;`2;iBQM- r2 +H+mHi2/ nc/N - r?2`2 M+ Bb
i?2 MmK#2` Q7 #+i2`B BM i?2 KB//H2 `2;BQM Q7 i?2 BMi2biBM2- i.e.- 7`QK j8y iQ Ry8y
@ 9R @
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h#H2 jXRX S`K2i2` mb2/ BM *?Ti2` j
S`K2i2`b 7Q` T2`BbiHiB+ KQiBQM M/ ;2QK2i`v
.2Ti? Q7 T2`BbiHiB+ +QMi`+iBQM δf yX8_ _ Bb i?2 `/Bmb U_4qfkV
hBK2 BMi2`pH Q7 T2`BbiHiB+ rp2b ∆T ∆Tre4k9 b
∆Tan4ey b
>QHK#2`; 2i HX(k9)-_Q+? 2i
HX(89)-_B+? 2i HX(8k)
h`p2H /BbiM+2 Q7 `2i`Q;`/2 T2`BbiHbBb dre Rdy ƒK _Q+? 2i HX(89)
h`p2H /BbiM+2 Q7 Mi2`Q;`/2 T2`BbiHbBb dan jdy ƒK _Q+? 2i HX(89)
>H7 rB/i? Q7 i?2 T2`BbiHiB+ rp2 λf 4δf "F2` 2i HX(R)
P`B;BM Q7 T2`BbiHiB+ rp2 ;2M2`iBQM zf0 88y ƒK .2i2`KBM2/ #v +QKT`BM;
rBi? >QHK#2`; 2i HX(k9) M/
C2KB2HBi 2i HX(kN)
S`K2i2`b Q7 #+i2`BH /Bbi`B#miBQM
.BzmbBQM +Q2{+B2Mi Q7 #+i2`B R×URyƐ12 ‒
RyƐ10VK2fb
JtBKmK ;`Qri? `i2 BM i?2 K2/BmK
HK#/g jXk×RyƐ4
b−1
*H+mHi2/ 7`QK C2KB2HBi 2i
HX(kN)
Lim`H /2i? `i2
HK#/d R×RyƐ5 b−1 q2bi2`rH#2bHQ? 2i HX(eN)
S`K2i2`b Q7 Mmi`B2Mi /Bbi`B#miBQM
JQMQ/ +QMbiMi KM 9X8 KQHfK3 q2bi2`rH#2bHQ? 2i HX(eN)





qHH T2`K2#BHBiv iQ Mmi`B2Mib κ 8Xj×RyƐ7
Kfb
a2`pBb 2i HX(ey)




S`QT;iBQM p2HQ+Biv Q7 i?2 T2`BbiHiB+ rp2 Uc R8 ƒKfb _Q+? 2i HX(89)
6HmB/ /2MbBiv ρ Ryyy F;fK3
6HmB/ pBb+QbBiv µ yXyyR S·b
oQHmK2 ~Qr `i2 i i?2 BMH2i Qin y ‒8 Q0 uM; 2i HX(dk)
@ 9k @
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ƒK- M/ N Bb i?2 MmK#2` Q7 #+i2`B BM i?2 r?QH2 BMi2biBM2X G`;2 nc/N `iBQb BM@
/B+i2 i?i #+i2`B `2 ;;`2;i2/ BM i?2 KB//H2 Q7 i?2 BMi2biBMH i`+iX q2 MQi2
i?i i?2 pHm2 Q7 nc/N BM i?2 2tT2`BK2Mi #v C2KB2HBi 2i HX(kN) Kv #2 2biBKi2/
b yXd8 Q` ;`2i2` #b2/ QM i?2 `iBQ Q7 ~mQ`2b+2M+2 BMi2MbBiB2b Q7 H#2H2/ #+i2`BX
"+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?vTQi?2bBb
AM i?Bb bm#b2+iBQM- r2 mb2/ i?2 #bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb 2tTHBM2/
BM a2+iBQM jXkXjX b  #QmM/`v +QM/BiBQM Q7 Mmi`B2Mib i i?2 rHH- irQ +QM/BiBQMb
r2`2 TTHB2/, UV x2`Q ~mt- bQ i?i #+i2`B iF2 mT Mmi`B2Mib #mi i?2 ?Qbi /Q2b MQi-
M/ U#V 5.3× 10Ɛ7 Kfb (ey)- HHQrBM; #Qi? ?Qbi M/ #+i2`B iQ iF2 mT Mmi`B2MibX
h?2 `2bmHib Q7 x2`Q ~mt +QM/BiBQMb BM i?2 #b2M+2 Q7 T2`BbiHbBb i t 4 Ry ?U4je-yyy
bV `2 b?QrM BM 6B;m`2 jX8X "2+mb2 i?2 rHH /B/ MQi #bQ`# i?2 Mmi`B2Mib- Mmi`B2Mi
+QM+2Mi`iBQM rb H`;2 BM i?2 r?QH2 BMi2biBMH i`+iX "+i2`B +QmH/ ;`Qr i HKQbi
i?2B` KtBKmK ;`Qri? `i2- M/ i?2 MmK#2` /2MbBiv Q7 #+i2`B BM@+`2b2/ iQ i?2
Q`/2` Q7 1012X hQ /Bb+mbb #+i2`BH ;;`2;iBQM- r2 +H+mHi2/ nc/N M/ THQii2/ Bib
i2KTQ`H p`B#BHBiv BM 6B;m`2 jXdX h?2 KtBKmK pHm2 Q7 nc/N Qp2` Ry? Bb #Qmi
yXR9- r?B+? Bb Km+? bKHH2` i?M i?2 2tT2`BK2MiH pHm2 Q7 yXd8X h?2b2 `2bmHib BH@
Hmbi`i2 i?i i?2 #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?vTQi?2bBb rBi? x2`Q Mmi`B2Mi
~mt +`Qbb i?2 rHH Bb BMbm{+B2Mi iQ 2tTHBM i?2 #+i2`BH ;;`2;iBQM Q#b2`p2/ #v
C2KB2HBi 2i HX(kN)X
L2ti- r2 2tKBM2/ rHH ~mt Q7 5.3 × 10Ɛ7 Kfb `i?2` i?M x2`QX h?2 `2bmHib
`2 b?QrM BM 6B;m`2 jXeX aBM+2 i?2 rHH #bQ`#2/ +QMbB/2`#H2 Mmi`B2Mib- i?2 Mmi`B@
2Mi +QM+2Mi`iBQM rb HQr Qp2` i?2 r?QH2 BMi2biBMH i`+iX "+i2`B +QmH/ MQi ;`Qr
`TB/Hv BM i?Bb +b2 /m2 iQ i?2 H+F Q7 Mmi`B2MibX h?2 KtBKmK MmK#2` /2MbBiv Q7
#+i2`B rb QM i?2 Q`/2` Q7 107X q2 ;BM +H+mHi2/ nc/N M/ THQii2/ Bib i2KTQ`H
p`B#BHBiv BM 6B;m`2 jXdX q2 b22 i?i i?2 KtBKmK pHm2 Q7 nc/N Qp2` Ry ? Bb #Qmi
yXR9- r?B+? Bb ;BM Km+? bKHH2` i?M i?2 2tT2`BK2MiH pHm2 Q7 yXd8X h?2 2z2+i
Q7 rHH ~mt QM nc/N rb bKHHX >2M+2- i?2 #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?v@
TQi?2bBb rBi? Mmi`B2Mi ~mt iQ i?2 rHH Bb HbQ BMbm{+B2Mi iQ 2tTHBM i?2 #+i2`BH
;;`2;iBQM Q#b2`p2/ BM i?2 2tT2`BK2MiX
@ 9j @
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6B;m`2 jX8X Lmi`B2Mi M/ #+i2`BH /Bbi`B#miBQMb i Ry ? rBi? MQ Mmi`B2Mi ~mt +`Qbb i?2
rHH M/ rBi?Qmi T2`BbiHbBbX , Lmi`B2Mi /Bbi`B#miBQMX ", "+i2`BH /Bbi`B#miBQMX
@ 99 @
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6B;m`2 jXeX Lmi`B2Mi M/ #+i2`BH /Bbi`B#miBQMb i Ry ? mM/2` rHH ~mt Q7 8Xj×10Ɛ7
Kfb M/ rBi?Qmi T2`BbiHbBbX , Lmi`B2Mi /Bbi`B#miBQMX ", "+i2`BH /Bbi`B#miBQMX
@ 98 @
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Without nutrient flux across the wall
With nutrient flux across the wall




"+i2`BH i`MbTQ`i rBi? itBb ?vTQi?2bBb
AM i?Bb bm#b2+iBQM- r2 bQHp2/ i?2 #bB+ 2[miBQMb M/ #QmM/`v +QM/BiBQMb 2tTHBM2/
BM a2+iBQM jXkX9X hQ 2tT`2bb i?2 itBb Q7 #+i2`B-  TQi2MiBH }2H/ rb BMi`Q/m+2/
mbBM; 1[XUjXkXeV- M/ Bib /Bbi`B#miBQM Bb b?QrM BM 6B;m`2 jX3X h?2 TQi2MiBH Bb ?B;?
`QmM/ i?2 KB//H2 Q7 i?2 BMi2biBMH i`+i- r?2`2 #+i2`B i2M/ iQ ;;`2;i2X "+i2@
`BH /Bbi`B#miBQMb rBi? p`BQmb ϕmax +QM/BiBQMb `2 b?QrM BM 6B;m`2 jX3"‒.X qBi?
BM+`2bBM; ϕmax- #+i2`B i2M/2/ iQ ;;`2;i2 KQ`2 bi`QM;HvX h?2 +2Mi2` Q7 #+i2`BH
;;`2;iBQM rb bHB;?iHv /QrMbi`2K Q7 i?2 ;2QK2i`B+ +2Mi2` Q7 i?2 BMi2biBM2- r?2`2
i?2 TQi2MiBH Bb ;`2i2biX h?Bb Qzb2i Q++m`b #2+mb2 i?2`2 rb  #+F;`QmM/ #mHF
~Qr iQ@ r`/ i?2 MH QmiH2i- M/ i?2 #+i2`BH /Bbi`B#miBQM rb /p2+i2/ #v i?Bb
#+F;`QmM/ ~QrX "+i2`B /B/ MQi ;;`2;i2 iQQ bi`QM;Hv /m2 iQ i?2B` b2H7@/BzmbBpBivX
6B;m`2 jXN b?Qrb i?2 +?M;2 BM nc/N Qp2` iBK2 mM/2` p`BQmb ϕmax +QM/BiBQMbX
h?2 KtBKmK pHm2 Q7 nc/N BM+`2b2/ b ϕmax BM+`2b2/- M/ nc/N #2+K2 ;`2i2`
i?M yXd8 r?2M ϕmax 4 1.0 × 10Ɛ10 K2fbX h?mb- i?2 #+i2`BH i`MbTQ`i rBi? itBb
?vTQi?2bBb rBi? bm{+B2MiHv H`;2 ϕmax +M `2T`Q/m+2 i?2 #+i2`BH ;;`2;iBQM Q#@
b2`p2/ BM i?2 2tT2`BK2Mi #v C2KB2HBi 2i HX(kN)X aBM+2 BM+Hm/BM; itBb rb M2+2bb`v
iQ `2+`2i2 i?2 #+i2`BH ;;`2;iBQM Q#b2`p2/ BM i?2 2tT2`BK2Mi- r2 mb2/ i?2 #+@
i2`BH i`MbTQ`i rBi? itBb ?vTQi?2bBb BM i?2 7QHHQrBM; b2+iBQMbX
jXjXk 1z2+i Q7 #+i2`BH /BzmbBpBiv Db M/ BMH2i ~Qr `i2 Qin
b b22M BM 6B;m`2 jXN- nc/N T`QpB/2b  ;QQ/ K2bm`2 Q7 #+i2`BH ;;`2;iBQMX h?2
KtBKmK pHm2 Q7 nc/N p`B2/ rBi? ϕmax- b b?QrM BM 6B;m`2 jXRyX q2 /2}M2/
ϕ0- i r?B+? i?2 KtBKmK pHm2 Q7 nc/N #2+QK2b yXd8- BM/B+iBM; i?2 TQi2MiBH
BMi2MbBiv M2+2bb`v 7Q` ;2M2`iBM; bm{+B2MiHv bi`QM; #+i2`BH ;;`2;iBQMX
6B;m`2 jXRR b?Qrb i?2 2z2+i Q7 i?2 BM~Qr `i2 Qin QM ϕ0 rBi?  #+i2`BH /B7@
7mbBpBiv Q7 Db 4 R × RyƐ11 K2fbX b Qin rb BM+`2b2/- i?2 #+F;`QmM/ #mHF ~Qr
rb bi`2M;i?2M2/X h?mb- #+i2`B i2M/2/ iQ ~Qr /QrMbi`2K rBi? BM+`2bBM; QinX
hQ Qp2`+QK2 i?2 #mHF ~Qr- #+i2`B M22/2/ iQ brBK 7bi- r?B+? `2[mB`2/  H`;2
TQi2MiBH }2H/X h?mb- BM  H`;2@Qin `2;BK2- i.e.- Qin = yX8 Q0- ϕ0 BM+`2b2b bB;MB}@
+MiHvX q?2M Qin rb bKHH2` i?M yXj Q0 - ?Qr2p2`- ϕ0 rb mMz2+i2/ #v QinX h?2
`2bQM 7Q` i?Bb /Bz2`2M+2 Bb /Bb+mbb2/ BM a2+iBQM 9X
@ 9d @
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6B;m`2 jX3X SQi2MiBH }2H/ M/ #+i2`BH /Bbi`B#miBQM i t 4 Ry ? mM/2` p`BQmb ϕmax
+QM/BiBQMbX , SQi2MiBH }2H/ /2b+`B#2/ #v 1[XUjXkXeVX ", "+i2`BH /Bbi`B#miBQM rBi?
ϕmax = 1.0× 10Ɛ11 K2fbX *, "+i2`BH /Bbi`B#miBQM rBi? ϕmax = 5.0× 10Ɛ11 K2fbX .,



















6B;m`2 jXNX *?M;2 BM i?2 pHm2 Q7 nc/N Qp2` iBK2 rBi? p`BQmb KtBKmK TQi2MiBH
BMi2MbBiv UϕmaxV +QM/BiBQMbX
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6B;m`2 jXRyX JtBKmK pHm2 Q7 nc/N /m`BM; t 4 y ‒Ry ? mM/2` p`BQmb ϕmax
































6B;m`2 jXRRX 1z2+ib Q7 KDQ` T`K2i2`b QM i?2 ;;`2;iBp2 +Q2{+B2Miϕ0X , 1z2+i Q7
Qin(Db = 1× 10Ɛ11 K2fbVX ", 1z2+i Q7 Db UQin = Q0VX
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6B;m`2 jXRR" b?Qrb i?2 2z2+i Q7 i?2 #+i2`BH /BzmbBQM +Q2{+B2Mi .# QM ϕ0 mM/2`
i?2 +QM/BiBQM Q7 Qin = Q0X q?2M Db Bb H`;2` i?M 3Ɠ10Ɛ11 K2fb- ϕ0 BM+`2b2b HKQbi
HBM2`Hv rBi? DbX PM i?2 Qi?2` ?M/- r?2M Db Bb bKHH2` i?M 1Ɠ10Ɛ11 K2fb- ϕ0 Bb
mMz2+i2/ #v DbX h?2 +mb2 Q7 i?Bb Tii2`M rBHH HbQ #2 /2iBH2/ BM a2+iBQM jX9X
jXjXj 1z2+i Q7 T2`BbiHbBb
q2 BMp2biB;i2/ i?2 2z2+i Q7 T2`BbiHbBb QM #+i2`BH ;;`2;iBp2 itBbX 6B;m`2 jXRk
b?Qrb i?2 T`2bbm`2 /Bbi`B#miBQM M/ p2HQ+Biv p2+iQ`b `QmM/ i?2 M``QrBM;b bbQ+B@
i2/ rBi? `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHb2bX q2 MQi2/ i?i  T`2bbm`2 /Bz2`2M+2
rb ;2M2`i2/ i i?2 M``QrBM;b Q7 i?2 `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHb2b M/
 H`;2 p2HQ+Biv rb ;2M2`i2/ `QmM/ i?2b2 M``QrBM;bX
h?2 +?M;2b BM i?2 TQbBiBQMb Q7 jyy i`+2` T`iB+H2b /m`BM; T2`BbiHbBb Qp2` Rkyb
Bb b?QrM BM 6B;m`2 jXRjX h?2 i`+2` T`iB+H2b r2`2 /BbTH+2/ +QMbB/2`#Hv- r?B+? BM@
/m+2/ KBtBM; BM i?2 BMi2biBM2- b /Bb+mbb2/ BM uM; 2i HX(dk)X h?mb- T2`BbiHbBb ?/
i?2 2z2+i Q7 BM+`2bBM; i?2 /BzmbBpBiv Q7 #+i2`B BM i?2 BMi2biBM2X
"2+mb2 +QKTmiiBQM Q7 T2`BbiHiB+ KQiBQM `2[mB`2/  HQM; iBK2- i?2 #+i2`BH
i`MbTQ`i bBKmHiBQM rBi?Qmi T2`BbiHiB+ KQiBQM rb }`bi bQHp2/ 7Q` d ?- r?B+? Bb
bm{+B2Mi iQ Q#iBM  +QMp2`;2/ pHm2 Q7 nc/N X h?2M- i?Bb `2bmHi rb b2i b i?2 BMBiBH
+QM/BiBQM 7Q` T2`BbiHiB+ bBKmHiBQM M/ +H+mHi2/ 7Q` #Qmi jy KBM #b2/ QM i?2
`2bmHib Q7 uM; 2i HX(dk)- r?B+? rb bm{+B2Mi iQ /2b+`B#2 i?2 KBtBM; 7mM+iBQM Q7 i?2
x2#`}b? BMi2biBM2X L2ti- i?2 iBK2 p2`;2/ nc/N rb +H+mHi2/ 7Q` i?2 Hbi k KBM-
M/ i?2M r2 2pHmi2/ ϕ0 r?2M i?2 iBK2 p2`;2 Q7 nc/N `2+?2b yXd8X h?2 `2bmHib
Q7 ϕ0 /m`BM; T2`BbiHiB+ KQiBQM mM/2` p`BQmb Qin M/ Db +QM/BiBQMb `2 b?QrM BM
6B;m`2 jXR9X h?2 pHm2 Q7 ϕ0 BM+`2b2/ r?2M T2`BbiHiB+ KQiBQM rb +QMbB/2`2/X aBM+2
i?2 +QKT`BbQM BM 6B;m`2 jXR9 rb K/2 mM/2` i?2 bK2 ~Qr `i2 +QM/BiBQM- i?2
BM+`2b2 BM ϕ0 rb HBF2Hv +mb2/ #v i?2 BM+`2b2 BM i?2 KBtBM; /m2 iQ i?2 T2`BbiHbBbX




6B;m`2 jXRkX S`2bbm`2 /Bbi`B#miBQM M/ p2HQ+Biv p2+iQ`b i 8 bX h?2 H`;2 r?Bi2 ``Qrb
BM/B+i2 i?2 /B`2+iBQMb Q7 `2i`Q;`/2 M/ Mi2`Q;`/2 T2`BbiHb2bX
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6B;m`2 jXRjX *?M;2b BM i?2 TQbBiBQMb Q7 jyy i`+2` T`iB+H2b- BMBiBHHv TH+2/
T2`T2M/B+mH` iQ i?2 x@tBb- /m2 iQ T2`BbiHbBb Qp2` Rky bX , AMBiBH TQbBiBQM Q7 T`iB+H2bX






























6B;m`2 jXR9X ϕ0 rBi? M/ rBi?Qmi T2`BbiHiB+ KQiBQM mM/2` p`BQmb Qin M/ Db
+QM/BiBQMbX , 1z2+i Q7 Qin(Db = 1× 10−11 K2fbVX ", 1z2+i Q7 Db UQin = Q0VX
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6B;m`2 jXR8X SQi2MiBH }2H/ M/ #+i2`BH /Bbi`B#miBQM Q#iBM2/ #v i?2 i`BM;mH`
TQi2MiBH 7Q`K ;Bp2M #v 1[XUjXjXRV i t 4 Ry ?X , SQi2MiBH }2H/ /2b+`B#2/ #v 1[XUjXjXRVX
", "+i2`BH /Bbi`B#miBQM rBi? ϕmax 4 RXy×10−11 K2fbX *, "+i2`BH /Bbi`B#miBQM rBi?



















6B;m`2 jXReX *?M;2 BM i?2 pHm2 Q7 nc/N Qp2` iBK2 Q#iBM2/ #v i?2 i`BM;mH`
TQi2MiBH 7Q`K ;Bp2M #v 1[XUjXjXRV
@ 8d @
*>Sh1_ jX "*h1_AG aShAG >1h1_P:1L1Ahu AL h>1
ALh1ahAL1 P6 w1"_6Aa> G_o1
jXjX9 1z2+i Q7 TQi2MiBH 7Q`K
AM Q`/2` iQ +H`B7v i?2 2z2+i Q7 i?2 TQi2MiBH 7Q`K QM i?2 bTiBH ?2i2`Q;2M2Biv Q7








− |z − z0|
)
UjXjXRV
r?2`2 ϕmax Bb i?2 KtBKmK pHm2 Q7 i?2 TQi2MiBH }2H/X z0 rb b2i iQ #2 i?2 KB/@
TQBMi Q7 i?2 BMi2biBM2- i.e.- #Qmi dyy ƒK 7`QK i?2 BMH2iX G Bb i?2 BMi2biBM2’b H2M;i?X
h?2 i`BM;mH` TQi2MiBH }2H/ Bb 2KTHQv2/ ?2`2- #2+mb2 Bi Bb QM2 Q7 i?2 bBKTH2bi
7mM+iBQMH 7Q`Kb M/ i?2 7Q`K Bb +QMbB/2`#Hv /Bz2`2Mi 7`QK i?2 :mbbBM 7Q`KX h?2
Q#iBM2/ `2bmHib `2 b?QrM BM 6B;m`2b jXR8 M/ jXReX q2 b22 i?i i?2 /Bbi`B#miBQM
rBi? i?2 i`BM;mH` M/ :mbbBM 7Q`Kb `2 bBKBH` MQi QMHv [mHBiiBp2Hv #mi HbQ
[mMiBiiBp2Hv- M/ i?2 2z2+i Q7 i?2 7mM+iBQMH 7Q`K Bb p2`v bKHHX
jX9 .Bb+mbbBQM
hQ mM/2`biM/ i?2 `2bmHib /2b+`B#2/ BM a2+iBQM jXj- r2 mb2/  b+HBM; `;mK2Mi BM
i?Bb b2+iBQMX "+i2`B b?Qr2/ itBb- M/ i?2 i2M/2M+v Q7 i?Bb itBb rb /2b+`B#2/ #v
1[XUjXkXdVX h?2 itBb p2HQ+Biv Q7 #+i2`B Uϕ +M #2 b+H2/ b i?2 ;`/B2Mi Q7 i?2
TQi2MiBH BM i?2 HQM;Bim/BMH /B`2+iBQM- i.e.- Uϕ ∼ϕ0fG- r?2`2 G Bb i?2 ?H7@H2M;i?
Q7 i?2 BMi2biBMH i`+iX h?2`2 `2 irQ FBM/b Q7 p2HQ+BiB2b i?i T`2p2Mi #+i2`BH ;@
;`2;iBQMc UV p2HQ+Biv ;2M2`i2/ #v i?2 #+F;`QmM/ #mHF ~Qr UQ- M/ U#V p2HQ+Biv
;2M2`i2/ #v i?2 /BzmbBQM Q7 #+i2`B UDX UQ +M #2 b+H2/ bBKTHv b i?2 p2`;2
p2HQ+Biv i i?2 +2Mi2` Q7 i?2 BMi2biBMH i`+i- r?2`2 #+i2`BH ;;`2;iBQM rb Q#@
b2`p2/ 2tT2`BK2MiHHv- i.e.- UQ ∼Zin fAm - r?2`2 Am Bb i?2 +`Qbb@b2+iBQM `2 BM
i?2 KB//H2 Q7 i?2 BMi2biBM2- z0X UD Kv #2 b+H2/ b UD ∼.bfG- ;Bp2M i?i p2HQ+Biv
BM+`2b2b rBi? i?2 /BzmbBQM +QMbiMi- #mi /2+`2b2b rBi? /BbiM+2X hQ +?B2p2 #+@
i2`BH ;;`2;iBQM- i?2 itBb p2HQ+Biv Q7 #+i2`B Uϕ Kmbi #2 H`;2` i?M bmK Q7 i?2
p2HQ+BiB2b UQ M/ UD X >2M+2- i?2 +QM/BiBQM Uϕ = UQ Y UD Kmbi #2 biBb}2/ iQ
+?B2p2 #+i2`BH ;;`2;iBQMX
hQ /2i2`KBM2 r?2i?2` i?2 T`QTQb2/ b+HBM; rb biBb}2/ BM i?2 T`2b2Mi `2bmHib-
r2 `2@THQii2/ i?2 `2bmHib Q7 6B;m`2 jXRR rBi? Uϕ- UQ- M/ UD b t2b- b b?QrM
BM 6B;m`2 jXRdX AM 6B;m`2 jXRd- i?2 irQ mTT2` +m`p2b rBi? H`;2 +B`+H2b BM/B+i2 Uϕ
Q#iBM2/ 7`QK i?2 T`K2i`B+ bim/v b?QrM BM 6B;m`2 jXRRX h?2 irQ KB//H2 HBM2b `2
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6B;m`2 jXRdX _2@THQi Q7 i?2 `2bmHib b?QrM BM 6B;m`2 jXRR rBi? Uϕ- UQ- M/ UD b t2bX
h?2 irQ mTT2` +m`p2b rBi? H`;2 +B`+H2b `2 Uϕ- M/ i?2 irQ KB//H2 HBM2b `2 T`QD2+iBQMb
Q7 Uϕ QM i?2 v2HHQr M/ #Hm2 +m`p2/ 7+2b i?i `2T`2b2Mi i?2 bm`7+2b Q7 UUQ YUDVX
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T`QD2+iBQMb Q7 Uϕ QM i?2 v2HHQr M/ #Hm2 +m`p2/ 7+2b- BM/B+iBM; i?2 bm`7+2b Q7 UUQ
YUDVX h?2 Uϕ +m`p2b 2tBbi #Qp2 i?2 bm`7+2b Q7 UUQ +UDVX q2 i?2`27Q`2 +QM+Hm/2
i?i i?2 itBb p2HQ+Biv Q7 #+i2`B Uϕ Kmbi #2 H`;2` i?M i?2 bmK Q7 p2HQ+BiB2b UQ
M/ UD iQ +?B2p2 #+i2`BH ;;`2;iBQMX
6B;m`2 jXRd HbQ BM/B+i2b i?2 `2bQM r?v ϕ0 rb MQi bi`QM;Hv z2+i2/ #v Qin
BM i?2 HQr@Qin `2;BK2 BM 6B;m`2 jXRRX h?2 HQr@Qin `2;BK2 BM 6B;m`2 jXRR +Q`@
`2bTQM/ iQ HQr@UQ BM 6B;m`2 Rk- r?2`2 i?2 #Hm2 +m`p2/ 7+2b 2tBbibX Hi?Qm;? UQ
/2+`2b2/ HBM2`Hv rBi? Qin- UD rb mMz2+i2/ #v Qin M/ ?/  +QMbiMi pHm2 Q7
DbfG ;`2i2` i?M UQX h?mb- i?2 pHm2 Q7 UUQ YUD V rb TT`QtBKi2Hv +QMbiMi
BM i?2 HQr@Qin `2;BK2- 2tTHBMBM; r?v ϕ0 rb MQi bi`QM;Hv z2+i2/ #v Qin BM i?2
HQr@Qin `2;BK2 BM 6B;m`2 3X aBKBH`Hv- i?2 `2bQM i?i ϕ0 rb mMz2+i2/ #v Db BM
i?2 HQr@Db `2;BK2 BM 6B;m`2 jXRR" Kv #2 bbQ+Bi2/ rBi? i?2 +QMbiMi pHm2 Q7 UQ
4 QinfAm BM i?2 HQr@Db `2;BK2X
JQ`2Qp2`- i?2 ϕ0 Kv ?p2 BM+`2b2/ r?2M T2`BbiHbBb rb BMi`Q/m+2/ BM 6B;m`2
jXR9 /m2 iQ i?2 BM+`2b2 Q7 UDX qBi?Qmi T2`BbiHbBb- UD Bb b+H2/ b UD ∼.bfG-
r?2`2 Db Bb i?2 /BzmbBQM +Q2{+B2Mi Q7 #+i2`BX "v BMi`Q/m+BM; T2`BbiHiB+ KQiBQM-
#+i2`B `2 bi`QM;Hv KBt2/ BM i?2 ~Qr ;2M2`i2/ #v i?2 T2`BbiHbBb- r?B+? ?b i?2
27@ 72+i Q7 BM+`2bBM; i?2 2z2+iBp2 /BzmbBpBiv Q7 #+i2`BX h?mb- 2z2+iBp2 UD HbQ
BM+`2b2/ /m2 iQ T2`BbiHiB+ KQiBQM- M/ i?2 pHm2 Q7 ϕ0 y BM+`2b2/- b b?QrM BM
6B;m`2 jXR9X q2 #2HB2p2 i?i i?2b2 b+HBM; `;mK2Mib `2 mb27mH 7Q` mM/2`biM/BM;
#+i2`BH ;;`2;iBQM /m2 iQ itBb mM/2` p`BQmb +QM/BiBQMbX
jX8 amKK`v
q2 /2p2HQT2/  +QKTmiiBQMH KQ/2H iQ /2b+`B#2 i?2 ?2i2`Q;2M2Qmb /Bbi`B#miBQM
Q7 #+i2`B BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2X q2 2tKBM2/ irQ ?vTQi?2b2bc UV
i?2 #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?vTQi?2bBb- M/ U#V i?2 #+i2`BH i`MbTQ`i
rBi? itBb ?vTQi?2bBbX h?2 `2bmHib b?Qr2/ i?i i?2 #+i2`BH ;;`2;iBQM Q#b2`p2/
#v C2KB2HBi 2i HX(kN) +QmH/ #2 `2T`Q/m+2/ mM/2` i?2 #+i2`BH i`MbTQ`i rBi? itBb
?vTQi?2bBb rBi? bm{+B2MiHv H`;2 ϕmaxX lbBM; i?2 #+i2`BH i`MbTQ`i rBi? itBb
?vTQi?2bBb- r2 BMp2biB;i2/ i?2 TQi2MiBH BMi2MbBiv ϕ0 i r?B+? i?2 KtBKmK pHm2
Q7 nc/N `2+?2b yXd8X AM ?B;?@Qin Q` Db `2;BK2b- ϕ0 BM+`2b2/ M2`Hv HBM2`Hv rBi?
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Qin Q` DbX AM HQr@Qin Q` Db `2;BK2b- QM i?2 Qi?2` ?M/- ϕ0 rb mMz2+i2/ #v Qin
Q` DbX S2`BbiHiB+ KQiBQM BM i?2 BMi2biBM2 BM+`2b2/ ϕ0 X h?2b2 i2M/2M+B2b r2`2 r2HH
2tTHBM2/ #v b+HBM; `;mK2Mib- r?B+? b?Qr2/ i?i i?2 itBb p2HQ+Biv Q7 #+i2`B
l  Kmbi #2 H`;2` i?M i?2 bmK Q7 p2HQ+BiB2b UQ M/ UD-i.e.-Uϕ= UQ Y UDXh?2






AM i?Bb bim/v- r2 T`QTQb2/ M MiQKB+HHv `2HBbiB+ i?`22@/BK2MbBQMH ;2QK2i`B+
KQ/2H Q7 i?2 x2#`}b? H`pH BMi2biBM2 iQ BMp2biB;i2 i?2 i`MbTQ`i T?2MQK2M M/
#+i2`BH ;;`2;iBQM T?2MQK2M #v MmK2`B+H bBKmHiBQM K2i?Q/X
6B`bi- r2 BMp2biB;i2/ i?2 i`MbTQ`i T?2MQK2M +mb2/ #v T2`BbiHiB+ KQiBQM BM
i?2 BMi2biBM2 Q7 x2#`}b? H`p2 #v MmK2`B+H bBKmHiBQM BM *?Ti2` kX h?2`2 `2
irQ FBM/b Q7 i?2 T2`BbiHiB+ KQiBQM BM i?2 BMi2biBM2 Q7 x2#`}b?X PM2 Bb `2i`Q;`/2
T2`BbiHiB+ KQiBQM- r?B+? rb KDQ` +QMi`B#miQ` iQ i?2 KBtBM; 7mM+iBQMX "b2/ QM i?2
`2bmHib BM i?Bb i?2bBb- i?2 /BbT2`bBQM +mb2/ #v `2i`Q;`/2 T2`BbiHbBb Qp2` jy KBM rb
BM i?2 Q`/2` Q7 10Ɛ12 Kk/b- r?B+? Bb ;`2i2` i?M i?2 "`QrMBM /BzmbBQM Q7  bT?2`2
Q7 yX9 ƒK /BK2i2`X MQi?2` Bb Mi2`Q;`/2 T2`BbiHiB+ KQiBQM r?B+? +QMi`B#mi2/
KBMHv iQ i?2 TmKTBM; 7mM+iBQMX M/ i?Bb 7mM+iBQM BM/m+2/  T`2bbm`2 /2+`2b2 BM
i?2 Q`/2` Q7 KBHHBTb+Hb- r?B+? Kv `2/m+2 i?2 +iBpiBQM M/ KBMi2MM+2 ?2i
Q7 BMi2biBMH Kmb+H2X
h?2M- r2 /2p2HQT2/  +QKTmiiBQMH KQ/2H iQ /2b+`B#2 i?2 ?2i2`Q;2M2Qmb /Bb@
i`B#miBQM Q7 #+i2`B BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2 BM *?Ti2` jX q2 2tKBM2/
i?2 #+i2`B‒Mmi`B2Mi +QmTH2/ i`MbTQ`i ?vTQi?2bBb- M/ i?2 #+i2`BH i`MbTQ`i rBi?
itBb ?vTQi?2bBbX 6`QK i?2 `2bmHib BM i?Bb i?2bBb- i?2 #+i2`BH ;;`2;iBQM T?2MQK2M
Q#b2`p2/ #v C2KB2HBi 2i HX(kN) +QmH/ #2 `2T`Q/m+2/ mM/2` i?2 #+i2`BH i`MbTQ`i
rBi? itBb ?vTQi?2bBb rBi? bm{+B2MiHv H`;2 ϕmaxX lbBM; i?2 #+i2`BH i`MbTQ`i rBi?
itBb ?vTQi?2bBb- r2 BMp2biB;i2/ i?2 TQi2MiBH BMi2MbBiv ϕ0 i r?B+? i?2 KtBKmK
pHm2 Q7 nc/N `2+?2b yXd8X AM ?B;?@Qin Q` Db `2;BK2b- ϕ0 BM+`2b2/ M2`Hv HBM2`Hv
rBi? Qin Q` DbX AM HQr@Qin Q` Db `2;BK2b- QM i?2 Qi?2` ?M/- ϕ0 rb mMz2+i2/
#v Qin Q` DbX .m2 iQ i?2 KBtBM; 7mM+iBQM- i?2 T2`BbiHiB+ KQiBQM BM i?2 BMi2biBM2
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BM+`2b2/ ϕ0 X h?2b2 i2M/2M+B2b r2`2 r2HH 2tTHBM2/ #v b+HBM; `;mK2Mib- r?B+?
b?Qr2/ i?i i?2 itBb p2HQ+Biv Q7 #+i2`B Uϕ Kmbi #2 H`;2` i?M i?2 bmK Q7 p2HQ+@
BiB2b UQ M/ UD- i.e.- Uϕ= UQ Y UDX
h?2b2 }M/BM;b BM i?Bb i?2bBb rBHH #2 mb27mH 7Q`  ;`2i2` mM/2`biM/BM; Q7 i?2
KBtBM; M/ TmKTBM; 7mM+iBQMb Q7 i?2 BMi2biBM2 Q7 x2#`}b? H`p2- M/ 2M?M+2 Qm`
mM/2`biM/BM; Q7 KB+`Q#BH ~Q` BM i?2 BMi2biBM2X
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(R) _ "F2`- J hQ`KBM- J C2KB2HBi- M/ _ S`i?b`i?vX UkyR8V 
+QK#BM2/ HB;?i b?22i ~mQ`2b+2M+2 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Ry8ĜRRkX
(k) CJ "i2b- C F2`HmM/- 1 JBii;2- M/ E :mBHH2KBMX UkyydV AMi2biBMH
HFHBM2 S?QbT?i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M/ S`2p2Mib AM~KK@
iBQM BM w2#`}b? BM _2bTQMb2 iQ i?2 :mi JB+`Q#BQiX *2HH >Qbi  JB+`Q#2 k-
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`p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M- 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M/ T2`Bbi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+i2`B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MM2HX S`Q+22/BM;b Q7 i?2 LiBQMH
+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(Ry) * *`QbMB2`X Ukyy8V .2Hi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HHBM; +QMi`QHb +QKKBiK2Mi iQ  b2+`2@
iQ`v 7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(RR) 16 .2GQM;X UkyR9V HB2M AMp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M/ :mi “AbHM/ "BQ;2Q;`T?v”X *2HH
R8N- kjjĜkj8X
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B- 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MX UkyydV M 2+QHQ;B+H
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M‒KB+`Q#2 KmimHBbK M/ /Bb2b2X L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H/bQM- aJ G22- 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xKMBMX UkyR8V :mi #BQ;2Q;`T?v
Q7 i?2 #+i2`BH KB+`Q#BQiX Lim`2 _2pB2rb JB+`Q#BQHQ;v R9- kyĜjkX
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(R8) E .`2b+?2`- C .mMF2H- G> *BbM2`Qb- a :M;mHv- M/ _1 :QH/bi2BMX
UkyRRV 6HmB/ /vMKB+b M/ MQBb2 BM #+i2`BH +2HH@+2HH M/ +2HH@bm`7+2 b+ii2`@
BM;X S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7
K2`B+ Ry3- RyN9yĜRyN98X
(Re) q ._A1o1_- .1_1E ah1JSG1- AXEsL.A a*>A1_- M/ aPG@
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i2 /2@
p2HQTK2MiX h`2M/b BM :2M2iB+b Ry- R8kĜR8NX
(Rd) _C 1;M- *G "2`;M2`- S* >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i- S_ *Mp2HHQ- J6
1H2;Mi2- aA 1HF?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`i2Hb- E hB2M- .> hB2M- a JQ?MQi-
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b;Qr- > K`B- w wmFQrbF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>2T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}b?
.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2X CQm`MH Q7 1tT2`BK2MiH "BQHQ;v kyd- 9y38Ĝ
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(k9)  >QHK#2`;- * PHbbQM- M/ :q >2MMB;X UkyydV hhs@b2MbBiBp2 M/ hhs@
BMb2MbBiBp2 +QMi`QH Q7 bTQMiM2Qmb ;mi KQiBHBiv BM i?2 /2p2HQTBM; x2#`}b?
U.MBQ `2`BQV H`p2X CQm`MH Q7 1tT2`BK2MiH "BQHQ;v kRy- Ry39ĜRyNRX
(k8) 1 >QKb?2`- q6>J JQKK2`ib- Lo _B++?BmiB- M/  qHHM2`X URNdkV
+iBpiBQM ?2i- +iBpiBQM K2i#QHBbK M/ i2MbBQM@`2Hi2/ ?2i BM 7`Q; b2KB@
i2M/BMQbmb Kmb+H2bX h?2 CQm`MH Q7 S?vbBQHQ;v kky- eyRĜek8X
(ke) E >Qr2 2i HX UkyRjV h?2 x2#`}b? `272`2M+2 ;2MQK2 b2[m2M+2 M/ Bib `2H@
iBQMb?BT iQ i?2 ?mKM ;2MQK2X Lim`2 9Ne- 9N3Ĝ8yjX
(kd) h Ab?BFr- h aiQ- : JQ?Bi- u AKB- M/ h uK;m+?BX UkyRRV h`Mb@
TQ`i T?2MQK2M Q7 KB+`Q#B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M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Q`KBM- _ "m`Mb- Ca >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M/ _ S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b`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iBH M/ h2KTQ`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im`2b
Q7 i?2 :`Qri? Q7 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+i2`B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(jy) o E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`i- M/ _ :2`HBX UkyR9V w2#`}b? b M 2K2`;@
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(jR) L EK/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M/ G a2;2HX URNdRV JQ/2H 7Q` +?2KQitBbX CQm`MH Q7 i?2Q`2i@
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H #BQHQ;v jy- kk8Ĝkj9X
(jj) ** GM M/ ._ GQp2X UkyRkV JQH2+mH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`+i2`BbiBQM Q7 "+i2`BH *QK@
KmMBiv ai`m+im`2 HQM; i?2 AMi2biBMH h`+i Q7 w2#`}b? U .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SBHQi aim/vX Aa_L JB+`Q#BQHQ;v kyRk- RĜRyX
(j9) ah Gm;?HBM- CJ "bFBM- aG K+?2`- M/ *_ "2`iQxxBX Ukyy3V AM oBpQ
AK;BM; Q7 J2K#`M2@bbQ+Bi2/ :Hv+Mb BM .2p2HQTBM; w2#`}b?X a+B2M+2
jky- ee9ĜeedX
(j8) 11 G2*HB` M/ C hQT+x2rbFBX UkyRyV .2p2HQTK2Mi M/ _2;2M2`iBQM Q7
i?2 w2#`}b? JtBHH`v "`#2H,  LQp2H aim/v avbi2K 7Q` o2`i2#`i2 hBbbm2
:`Qri? M/ _2TB`X SGQa PL1 8- 23djdX
(je) aJ G22- :S .QMH/bQM- w JBFmHbFB- a "QvDBM- E G2v- M/ aE Jx@
KMBMX UkyRjV "+i2`BH +QHQMBxiBQM 7+iQ`b +QMi`QH bT2+B}+Biv M/ bi#BHBiv
Q7 i?2 ;mi KB+`Q#BQiX Lim`2 8yR- 9keĜ9kNX
(jd) qC G22 M/ E >b2X UkyR9V :mi KB+`Q#BQi‒;2M2`i2/ K2i#QHBi2b BM MBKH
?2Hi? M/ /Bb2b2X Lim`2 *?2KB+H "BQHQ;v Ry- 9ReĜ9k9X
(j3) :C GB2b+?F2 M/ S. *m``B2X UkyydV MBKH KQ/2Hb Q7 ?mKM /Bb2b2, x2@
#`}b? brBK BMiQ pB2rX Lim`2 _2pB2rb :2M2iB+b 3- j8jĜjedX
(jN) " GBMF M/ _6 *QHH2`vX UkyR8V w2#`}b? JQ/2Hb Q7 _2iBMH .Bb2b2X M@
MmH _2pB2r Q7 oBbBQM a+B2M+2 R- Rk8ĜR8jX
(9y) * J+_2 M/ _h S2i2`bQMX UkyR8V w2#`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L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(9R) * JtBKBMQ- hJ /2 "`BiQ- q / aBHp "iBbi- J >2`+mHMQ- a
JQ`iQ- M/  :Qmp2BX UkyRyV J2bm`BM; MtB2iv BM x2#`}b?,  +`BiB+H
`2pB2rX "2?pBQm`H "`BM _2b2`+? kR9- R8dĜRdRX
(9k) G J2MF2- CJ aTBib#2`;2M- SJ qQHi2`#22F- M/ _ qQmi2`b2MX
UkyRRV LQ`KH MiQKv M/ >BbiQHQ;v Q7 i?2 /mHi w2#`}b?X hQtB+QHQ;B+
Si?QHQ;v jN- d8NĜdd8X
(9j) L L;- h /2 CQM;@*m`iBM- .C Jr/bH2v- aC q?Bi2- C a?BM- " T@
T2H- S.a .QM;- .u aiBMB2`- M/ CE >2i?X Ukyy8V 6Q`KiBQM Q7 i?2
/B;2biBp2 bvbi2K BM x2#`}b?, AAAX AMi2biBMH 2TBi?2HBmK KQ`T?Q;2M2bBbX .2p2H@
QTK2MiH "BQHQ;v k3e- RR9ĜRj8X
(99) CE LB+?QHbQM- 1 >QHK2b- C EBM`Qbb- _ "m`+2HBM- : :B#bQM- q CB- M/
a S2ii2`bbQMX UkyRkV >Qbi@:mi JB+`Q#BQi J2i#QHB+ AMi2`+iBQMbX a+B2M+2
jje- RkekĜRkedX
(98) S LB2i?KK2`- * :`#?2`- h GQQF- M/ hC JBi+?BbQMX UkyyNV 
iBbbm2@b+H2 ;`/B2Mi Q7 ?v/`Q;2M T2`QtB/2 K2/Bi2b `TB/ rQmM/ /2i2+iBQM BM
x2#`}b?X Lim`2 98N- NNeĜNNNX
(9e) 1JJ ZmB;H2vX UkyRjV :mi "+i2`B BM >2Hi? M/ .Bb2b2X RyX
(9d) C _HHX J2+?MBbK Q7 Jmb+mH` *QMi`+iBQMX
(93) C _HH M/ " a+?Qii2HBmbX URNdjV 1M2`;2iB+b Q7 *QMi`+iBQM BM S?bB+
M/ hQMB+ aF2H2iH Jmb+H2b Q7 i?2 *?B+F2MX h?2 CQm`MH Q7 :2M2`H S?vbBQHQ;v
ek- jyjĜjkjX
(9N) C6 _rHb- J J?QrH/- G :QQ/KM- *J h`2Mi- M/ CA :Q`/QMX
UkyydV AM pBpQ BK;BM; M/ ;2M2iB+ MHvbBb HBMF #+i2`BH KQiBHBiv M/ bvK@
#BQbBb BM i?2 x2#`}b? ;miX S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv Q7 a+B2M+2b
Ry9- dekkĜdekdX
(8y) C6 _rHb- J J?QrH/- _1 G2v- M/ CA :Q`/QMX UkyyeV _2+BT`Q+H
:mi JB+`Q#BQi h`MbTHMib 7`QK w2#`}b? M/ JB+2 iQ :2`K@7`22 _2+BTB2Mib
_2p2H >Qbi >#Bii a2H2+iBQMX *2HH Rkd- 9kjĜ9jjX
(8R) P _2M/m2H2b- G 62``BĐ`2b- J 6`öim/- 1 "ö;m/- S >2`#QK2H- CS
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m/- M/ CJ :?B;QX UkyRkV  L2r w2#`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H
S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S`Q#BQiB+ "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M/ : 6``m;BX UkyRjV EBi aB;M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i2Hv JQ/mH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- L J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7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B2- u
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B- > l2MQ- M/ h uK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(8N) A a2FB`Qp- aG _mbb2HH- G*J MimM2b- M/ "" 6BMHvX UkyRyV :mi JB@
+`Q#BQi BM >2Hi? M/ .Bb2b2X S?vbBQHQ;B+H _2pB2rb Ny- 38NĜNy9X
(ey) S a2`pBb- : "BHH2M- M/ Co _2;QX URN38V _i2 Q7 #+i2`BH KQ`iHBiv BM
[miB+ 2MpB`QMK2MibX TTHB2/ M/ 2MpB`QMK2MiH KB+`Q#BQHQ;v 9N- R993ĜR989X
(eR) Ch a?BM M/ J* 6Bb?KMX UkyykV 6_PJ w1"_6Aa> hP >lJL, JQ/@




(ek) A*> aKBi?X URNdkV 1M2`;2iB+b Q7 +iBpiBQM BM 7`Q; M/ iQ/ Kmb+H2X h?2
CQm`MH Q7 T?vbBQHQ;v kky- 83jX
(ej) _ aT2M+2- : :2`H+?- * Gr`2M+2- M/ * aKBi?X UkyydV h?2 #2?pBQm`
M/ 2+QHQ;v Q7 i?2 x2#`}b?- .MBQ `2`BQX "BQHQ;B+H _2pB2rb 3j- RjĜj9X
(e9) JC hBM/HH- SE JBMB- aG SQ`i2`- M/ CS `KBi;2X Ukyy3V Pp2`pB2r Q7
Ji?2KiB+H TT`Q+?2b lb2/ iQ JQ/2H "+i2`BH *?2KQitBb AA, "+i2`BH
SQTmHiBQMbX "mHH2iBM Q7 Ji?2KiB+H "BQHQ;v dy- R8dyĜReydX
(e8) * h`QTBMB- E 1`H2- E* >mM;- M/ CG aQMM2M#m`;X UkyRdV h?2 :mi
JB+`Q#BQK2, *QMM2+iBM; aTiBH P`;MBxiBQM iQ 6mM+iBQMX *2HH >Qbi  JB@
+`Q#2 kR- 9jjĜ99kX
(ee) a oBb?Mp- J uKKQiQ- EJ a2p2`bQM- E _m?M- s um- P EQ@
`2M- _ G2v- 1E qF2HM/- M/ Go >QQT2`X UkyRRV h?2 MiB#+i2`BH
G2+iBM _2;AAA; S`QKQi2b i?2 aTiBH a2;`2;iBQM Q7 JB+`Q#BQi M/ >Qbi BM
i?2 AMi2biBM2X jj9- 8X
(ed) EL qHH+2- a F?i2`- 1J aKBi?- E GQ`2Mi- M/ J S+FX Ukyy8V
AMi2biBMH ;`Qri? M/ /Bz2`2MiBiBQM BM x2#`}b?X J2+?MBbKb Q7 .2p2HQTK2Mi
Rkk- R8dĜRdjX
(e3) EL qHH+2 M/ J S+FX UkyyjV lMB[m2 M/ +QMb2`p2/ bT2+ib Q7 ;mi
/2p2HQTK2Mi BM x2#`}b?X .2p2HQTK2MiH "BQHQ;v k88- RkĜkNX
(eN) * q2bi2`rH#2bHQ?-  :`ȽM#2`;2`- " aimi2- a q2#2`- q qB2+?2`i-
. EQ?H?2v2`- M/ 1 pQM GB2`2bX UkyR8V JQ/2HBM; M/ *6. bBKmHiBQM Q7
Mmi`B2Mi /Bbi`B#miBQM BM TB+QHBi2` #BQ`2+iQ`b 7Q` #+i2`BH ;`Qri? bim/B2b QM
bBM;H2@+2HH H2p2HX G# *?BT R8- 9RddĜ9R3eX
(dy) _ q?Bi2- E _Qb2- M/ G wQMX UkyRjV w2#`}b? +M+2`, i?2 bii2 Q7 i?2 `i
M/ i?2 Ti? 7Q`r`/X Lim`2 _2pB2rb *M+2` Rj- ek9ĜejeX
(dR) hC qBH2b- J C2KB2HBi- _S "F2`- "> a+?HQKMM- aG GQ;M- C :Mx-
1 J2HM+QM- Ca 1Bb2M- E :mBHH2KBM- M/ _ S`i?b`i?vX UkyReV
>Qbi :mi JQiBHBiv S`QKQi2b *QKT2iBiBp2 1t+HmbBQM rBi?BM  JQ/2H AMi2biBMH
JB+`Q#BQiX SGPa "BQHQ;v R9- 2Ryyk8RdX
(dk) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyRdV JBtBM; M/ TmKTBM;




(dj) GA wQM M/ _h S2i2`bQMX Ukyy8V AM pBpQ /`m; /Bb+Qp2`v BM i?2 x2#`}b?X
Lim`2 _2pB2rb .`m; .Bb+Qp2`v 9- j8Ĝ99X
@ dk @
+FMQrH2/;2K2Mib
*QKTH2iBQM Q7 Kv S?X.X +Qm`b2 i i?2 "BQHQ;B+H 6HQr aim/B2b G#Q`iQ`v Q7 hQ?QFm
lMBp2`bBiv rb TQbbB#H2 rBi? i?2 bmTTQ`i Q7 b2p2`H T2QTH2X aQ A rQmH/ HBF2 iQ 2tT`2bb
Kv bBM+2`2 ;`iBim/2 iQ HH Q7 i?2KX
6B`bi- A rQmH/ HBF2 iQ 2tT`2bb Kv bT2+BH TT`2+BiBQM M/ i?MFb iQ Jv /pBbQ`-
S`Q72bbQ` hFmDB Ab?BFr- 7Q` ?Bb TiB2M+2- KQiBpiBQM- 2Mi?mbBbK- M/ BKK2Mb2
FMQrH2/;2X >2 rb +QMiBMm2 iQ ;mB/2 M/ bmTTQ`i K2 /m`BM; i?2b2 Tbi i?`22 v2`b
M/ H2i K2 +QKTH2i2 i?Bb /Q+iQ`H /Bbb2`iiBQM b TQbbB#H2X >2 Hrvb BMbi`m+i2/ K2
?Qr iQ ;`Qr b  `2b2`+? b+B2MiBbi M/ 2M+Qm`;2/ Kv `2b2`+? rBi? KMv r`K
rQ`/bX >2 T`QpB/2/ K2 KMv pHm#H2 QTTQ`imMBiB2b iQ 2tT`2bb Kvb2H7 M/ bim/v i
BMi2`MiBQMH +QM72`2M+2 `QmM/ i?2 rQ`H/X A i?MF Kv /pBbQ` r?QH2 ?2`i2/Hv- MQi
QMHv 7Q` ?Bb i`2K2M/Qmb +/2KB+ bmTTQ`i- #mi HbQ 7Q` ;BpBM; K2 bQ KMv rQM/2`7mH
QTTQ`imMBiB2bX A +M M2p2` i?MF ?BK 2MQm;?X Ai ?b #22M bm`2Hv  ;`2i 2tT2`B2M+2
7Q` K2 iQ ?p2 ?BK b Kv S?X.X /pBbQ`- Dmbi b Kv i?Qm;?i r?2M A K22i ?BK }`bi
iBK2X 石川先生、誠にありがとうございました。
A rQmH/ HbQ HBF2 iQ i?MF bbQ+Bi2 S`Q72bbQ` a?BKQ;QMv- umDBX >2 rb p2`v
FBM/ iQ K2 HBF2  imiQ` /m`BM; i?2 }`bi irQ v2`b Q7 Kv S?X.X +Qm`b2X >2 MQi QMHv
bmTTQ`i2/ M/ /pBb2/ K2 QM Kv `2b2`+? rQ`F- #mi HbQ ?2HT K2  HQi iQ /Ti
i?2 HB72 BM CTMX .m`BM; i?i irQ v2`b- Qm` /2bFb r2`2 ;BMbi 2+? Qi?2`X q?2M
A 2M+QmMi2`2/ T`Q#H2K Q` i`Qm#H2- A Hrvb `2+2Bp2/ 7`B2M/Hv ?2HT 7`QK ?BK b bQQM
b TQbbB#H2X h?MF vQm p2`v Km+?- a?BKQ;QMv b2Mb2BX
S`Q72bbQ` EQm?2B 6mFmb?BK M/ S`Q72bbQ` JFQiQ P?i- i?MFb  HQi 7Q` i?2B`
+`BiB+H +QKK2Mib M/ pHm#H2 /pB+2b #Qmi i?Bb i?2bBbX
bbQ+Bi2 S`Q72bbQ` E2MDB EBFm+?B- i?MFb  HQi 7Q` ?Bb i?2 pB2rTQBMi Q7 `2@
b2`+?2`b BM i?2 2tT2`BK2Mi M/ T`QpB/2/ K2 i?2 Ǵ`2+QKK2M/iBQM H2ii2`Ǵ 7Q` i?2
@ B @
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TTHB+iBQM Q7 CaSaX bbBbiMi S`Q72bbQ` hQb?B?B`Q PKQ`B- i?MFb  HQi 7Q` ?Bb i2M/2`
?2HT- /pBb2 M/ /Bb+mbbBQM- 2bT2+BHHv r?2M A KQp2/ iQ ?Bb `QQK BM i?2 Hbi v2`
Q7 Kv S?X.X +Qm`b2X h?MFb  HQi bbQ+Bi2 S`Q72bbQ` E2BFQ LmKvK@hbm`mi-
A `2+2Bp2/ KMv /pB+2b 7`QK ?2`  #BQHQ;B+H TQBMi Q7 pB2rX HH i?2 T`Q72bbQ`b BM
"6aG H#Q`iQ`v- h?MF vQm p2`v Km+?X
h?MFb HH i?2 bim/2Mib Q7 "6aG H#Q`iQ`v- 7Q` i?2B` FBM/ ?2HT M/ T`QpB/BM;
K2 +?22`7mH /vbX PrBM; iQ HH i?2 K2K#2`b Q7 "6aG- A ?p2 ?/ rQM/2`7mH iBK2
/m`BM; i?2b2 i?`22 v2`bX
a2+`2i`B2b Q7 "6aG H#Q`iQ`v- 2bT2+BHHv *?B/ bM- i?MFb  HQi 7Q` i?2B` Qmi@
biM/BM; bbBbiM+2 M/ 2M+Qm`;2K2Mi /m`BM; Kv H#Q`iQ`v HB72X
 bT2+BH i?MFb iQ Kv 7KBHvX qQ`/b +MMQi 2tT`2bb ?Qr ;`i27mH A K iQ Kv
KQi?2`@BM@Hr- 7i?2`@BM@Hr- Kv KQi?2`- M/ 7i?2`- Kv bQM- Kv rB72 7Q` HH Q7
i?2 b+`B}+2b i?i i?2v ?p2 K/2 QM Kv #2?H7X 1bT2+BHHv- A `2HHv `2HHv rMi iQ
i?MF Kv rB72X b M BMi2`MiBQMH bim/2Mi- rBi?Qmi ?2` bmTTQ`i- mM/2`biM/BM;-





CQm`MH TT2`b `2Hi2/ iQ i?Bb i?2bBb
(R) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyR3V q?i +mb2b i?2 bTiBH
?2i2`Q;2M2Biv Q7 #+i2`BH ~Q` BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2\ CQm`MH Q7
h?2Q`2iB+H "BQHQ;v 99e- RyR‒RyNX
(k) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyRdV JBtBM; M/ TmKTBM; 7mM+@
iBQMb Q7 i?2 BMi2biBM2 Q7 x2#`}b? H`p2X CQm`MH Q7 h?2Q`2iB+H "BQHQ;v 9RN-
R8k‒R83X
Pi?2` DQm`MH TT2`b
(R) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyRNV "+i2`BH /2i+?K2Mi 7`QK 
rHH rBi?  #mKT HBM2X S?vbB+H _2pB2r 1 NN- ykjRy9X
6QHHQrBM; TT2`b r2`2 r`Bii2M BM *?BM2b2X
(k) C uM;- u qM;- C GBm- > um- M/ u >QM;X UkyR8V P#b2`piBQM Q7 ?2KQ/v@
MKB+b BM ?mKM /2b+2M/BM; Q`i 7i2` o@b?T2/ bi2Mi BKTHMiiBQMX a?M@
/QM; J2/B+H CQm`MH d- RR‒R9X
(j) C GBm- C uM;- M/ u >QM;X UkyR8V LmK2`B+H aBKmHiBQM MHvbBb Q7 >2KQ@
/vMKB+b BM >mKM o2`i2#`H `i2`v mM/2` i?2 LQ`KH SQbBiBQMX *?BM2b2
CQm`MH P7 J2/B+H S?vbB+b jk- RRy‒RR9X
(9) C uM;- > um- C GBm- M/ u >QM;X UkyR9V Gv2`2/ #/QKBMH Q`iB+ M2m`vbK
KQ/2H #b2/ QM ~mB/@bi`m+im`2 BMi2`+iBQMX "BQK2/B+H 1M;BM22`BM; M/ *HBM@
B+H J2/B+BM2 R3- jRy‒jR9X
@ BBB @
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(8) C uM;- > um- C GBm- M/ u >QM;X UkyR9V LmK2`B+H aBKmHiBQM BM irQ@ T?b2
"HQQ/ 6HQr BM ai2MQbBb Q7 o2`i2#`H `i2`vX S`Q;`2bb BM JQ/2`M "BQK2/B+BM22
R9- j9Ry‒j9RjX
(e) C uM;- C GBm- > uM;- > um- M/ u >QM;X UkyR9V  bim/v QM BHB+ Q`iB+ rBi?
i?`QK#QbBb #b2/ QM 6HmB/@aQHB/ AMi2`+iBQM MmK2`B+H bBKmHiBQMX *?BM2b2
CQm`MH P7 J2/B+H S?vbB+b jR- 9N9R‒9N9dX
(d) C uM;- > uM;- C GBm- > um- M/ u >QM;X UkyRjV "HQQ/ ~Qr BM ?m@ KM Q`@
iB+ `+? rBi? ~mB/@bi`m+im`2 BMi2`+iBQM +QmTH2/ +QKTmiiBQMH ~mB/ /vMKB+
bBKmHiBQMX "BQK2/B+H 1M;BM22`BM; M/ *HBMB+H J2/B+BM2 Rd- R‒8X
(3) u sm- C uM;- > um- C GBm- M/ u >QM;X UkyRkV MHvbBb #HQQ/ ~Qr BM #B@
7m`+iBQM Q7 #/QKBMH Q`i #b2/ QM +QKTmiiBQMH ~mB/ /vMKB+b K2i?Q/X
*?BM CQm`MH Q7 JQ/2`M J2/B+BM2 kk- je‒9yX
(N) C uM;- C GBm- > um- C :mQ- M/ u >QM;X UkyRkV *QKT`BbQM Q7 ?2KQ@
/vMKB+b BM BHB+ Q`iB+ rBi? i?`QK#QbBb M/ MQ`KH BHB+ Q`iB+ #b2/ QM
MmK2`B+H bBKmHiBQMX "BQK2/B+H 1M;BM22`BM; M/ *HBMB+H J2/B+BM2 Re- R‒eX
(Ry) u sm- C uM;- w GBm- M/ u >QM;X UkyRRV MHvbBb i?2 MQ ?2iBM; `2bQMb
Q7 S @ Nd JB+`Q 2H2+i`Q/2 /`rBM; BMbi`mK2MiX *?BM2b2 J2/B+H 1[mBTK2Mi
CQm`MH jk- NN‒RyyX
(RR) C uM;- u sm- > um- C GBm- C a?M- C :mQ- M/ u >QM;X UkyRRV LmK2`B+H
aBKmHiBQM i?2 LQM@L2riQMBM "HQQ/ "HQr BM >mKM Q`iB+ `+?X *?BM2b2
CQm`MH P7 J2/B+H S?vbB+b k3- k9kk‒k9k8X
(Rk) C uM;- > um- C GBm- C a?M- C :mQ- M/ u >QM;X UkyRyV *QKT`BbQM Q7
#HQQ/ ~Qr /vMKB+b BM i?Q`+B+ Q`iB+ /Bbb2+iBQM M/ MQ`KH Q`iB+ #b2/ QM
*h BK;2bX "BQK2/B+H 1M;BM22`BM; M/ *HBMB+H J2/B+BM2 R9- jNy‒jNjX
(Rj) C uM;- > um- C a?M- C :mQ- M/ u >QM;X UkyRyV *QKT`iBp2 MHvbBb
.Bz2`2Mi AM/BpB/mHb Q7 i?2 Q`iB+ `+? Q7 "HQQ/ 6HQr aBKmHiBQM "b2/ QM




(R9) _ sBM; M/ C uM;X Ukyy3V 1ti2`MH *B`+mBi 1z2+iBM; QM i?2 ai#BHBiv Q7
.Bb+?`;2 *m``2Mi Q7 GQr@T`2bbm`2 B` GB;?iX a+B2M+2 h2+?MQHQ;v M/ 1M;B@
M22`BM; 3- Rdk‒RdjX
(R8) C uM; M/ _ sBM;X UkyydV h2+?BM; PM h?2 .2bB;M Q7 J2/B+H S?vbB+b
1tT2`BK2MiX CQm`MH Q7 GBQMBM; lMBp2`bBiv Q7 h`/BiBQMH *?BM2b2 J2/B+BM2
N- ky9‒ky8X
AMi2`MiBQMH *QM72`2M+2b
(R) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyR3V aTiBH ?2i2`Q;2M2Biv Q7 #+@
i2`BH ~Q` BM i?2 BMi2biBM2 Q7 x2#`}b? H`p2X 3h> qQ`H/ *QM;`2bb Q7 "BQK2@
+?MB+bX
(k) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyRdV h`MbTQ`i T?2MQK2M BM i?2
BMi2biBM2 Q7 x2#`}b? H`p2X 8h> aqAhw1_GL.@CSL qP_Ea>PS PL
"APJ1*>LA*a aC"X
(j) C uM;- u a?BKQ;QMv- M/ h Ab?BFrX UkyReV LmK2`B+H bim/v QM KBtBM;
M/ TmKTBM; 7mM+iBQMb ;2M2`i2/ #v T2`BbiHbBb BM  x2#`}b? BMi2biBM2X h?2
Rei? AMi2`MiBQMH *QM72`2M+2 QM "BQK2/B+H 1M;BM22`BM;X
.QK2biB+ *QM72`2M+2b
(R) 楊金有- 下權谷祐児- 石川拓司- ゼブラフィッシュの腸内フローラシミュレ
ーション- 日本流体力学会年会 kyR3 年度年次大会- 講演論文集 LQXyjy- 大
阪 UkyR3 年 N 月VX
(k) 楊金有- 下權谷祐児- 石川拓司- ゼブラフィッシュ稚魚の腸内輸送現象の
シミュレーション- 日本流体力学会年会 kyRd 年度年次大会- 講演論文集
LQXyyd- 東京 UkyRd 年 N 月VX
(j) 楊金有- 下權谷祐児- 石川拓司- ゼブラフィッシュ稚魚の腸内流れのシミュ
レーション- 日本機械学会第 kN 回バイオエンジニアリング講演会- 講演論




(R) C uM; M/ u >QM;X UkyRRV LmK2`B+H aBKmHiBQMb Q7 i?2 LQM@L2riQMBM
"HQQ/ "HQr BM >mKM h?Q`+B+ Q`iB+ .Bbb2+iBQM "b2/ QM *h BK;2bX h?2
8i? AMi2`MiBQMH *QM72`2M+2 QM "BQBM7Q`KiB+b M/ "BQK2/B+H 1M;BM22`BM;X
(k) C uM; M/ u >QM;X UkyRRV LmK2`B+H aBKmHiBQMb Q7 i?2 LQM@L2riQMBM
"HQQ/ "HQr BM >mKM #/QKBMH `i2`v "b2/ QM _2p2`b2 1M;BM22`BM;X a_11
qQ`Fb?QT QM J2/B+H Ji2`BHb M/ 1M;BM22`BM;X
(j) C uM; M/ u >QM;X UkyRyV TTHB+iBQM Q7 +QKTmiiBQMH ~mB/ /vMKB+b
K2i?Q/ Q7 bBKmHiBQM MHvbBb Q7 i?Q`+B+ Q`iB+ #HQQ/ ~QrX :`2i qHH kyRy
AMi2`MiBQMH *QM;`2bb QM J2/B+H S?vbB+bX
r`/b
kyRd h_o1G q_.
8i? arBix2`HM/@CTM rQ`Fb?QT QM #BQK2+?MB+b
kyR3 東北大学藤野先生記念奨励賞
@ pB @
